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ABSTRACT 


Exudates have been observed on a number of fungi as liquid 
droplets adhering to the hyphae, and detailed investigation with 
Fusarium culmorum shows a definite pattern to the distribution of the 
droplets in relation to colony morphology. This suggests the process 
of exudation is of physiological significance and specific properties 
of the droplets, absorption and re-exudation, their apparent role in 
spore formation and their biochemical contents support this premise. 
Droplets appear to be closely associated with colony aging and their 
properties change as this process occurs. Initially, they are trans- 
parent and water-like, but become granular and opaque, and in some 
instances, packed with spores as the colony develops. The sequence of 
droplet development and a mechanism for the release of these droplets 
and their function in normal physiological functioning are investigated. 

The biochemical properties of the exudate collected from F. 
culmorum were analyzed and a more detailed look at the following compo- 
nents, in relation to colony age, was carried out: 

-soluble protein -poly phenol oxidase 

-pectolytic enzyme system -acid phosphatase 

-cellulolytic enzyme system -oxalic acid 

-protease -soluble reducing sugars 

-8-glucosidase ~peroxidase 

The direct involvement of F. culmorum exudate in the process 
of pathogenesis was demonstrated by injection of the exudate into 


tomato, sunflower and bean tissue. The reactions of host tissues to 
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the exudate were observed. 
Cell wall degradating properties of the exudate were investi- 
gated using both scanning electron microscopy and thin-layer chroma- 


tography. 
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CHAPTER I 


INTRODUCTION 


The plant pathologist must ultimately strive to completely 
understand plant diseases so that control can be most effective and 
at the same time economical. In an ideal case, he gathers enough 
information to give him an understanding of the host, pathogen, and 
environment, as well as the interactions among them. Although there 
are numerous examples of control without detailed knowledge of the 
disease or the causal agent, the most successful control is generally 
obtained by a thorough knowledge of the disease epidemiology. Krause 
et al. (1975) emphasize the importance, and often the necessity, of 
what might be called "pure research" on the physiology of the pathogen 
in order to understand its role in a particular host-pathogen inter- 
action. 

To date, much of the study in plant pathology has been aimed 
at the elucidation of the resistance mechanism in the host and not at 
the physiology involved: for example, the nutritional requirements or 
metabolism of the parasite. There have been numerous studies on the 
nutritional requirements of many fungi, yet it has been only recently 
that the science of fungal physiology has become sophisticated enough 
to deal with the specialized nutritional requirements of some of the 
obligate parasitic fungi. This very recent success is largely the 


result of research into the nutritional requirements of the rust fungi 


> 
7 
Ay 
i 


‘ig 


a, Sees 

VWiete i qMmoo Os gyi weiyTsinm aie 92pm ae 

bed s¥laaaets tenn ae AS tihdnos deste oz mri sil 
dplons2%9rss DSA Seno. feeb? feat of gotta aang, 


bia  nopors ay Jaen sf) to oafbrsteranty, ne mitt ate om | 
svat? Aouont TA dt 0m anGFtievaant ont te Tow: 26 4 
sf 7p; saheaT yan y) Cath stad tupac Tord re entinen® nui 
Vidsierio ZF fytiet hiddnddauc tao any ise5 Te ang ne 
seupa4 he a ah e26g2tb sid +0 see, Revere A er 
tee) t 8400-315 970 bn ssonkdtanee, S42.91' tee PENNY) 8 te i 
sapedieg sit to Yap forevng Sty ovr aweqee sion” ee 


| 


<atrr nape sted 200 Haluakt "ea noni. 9foo S41 bhatedahap oF 
“4 
bewire, nos eat yootong aq ste id. a7, ybivte ond to, iow aveb ot 
a : : = Den 

to ton one fzon Odd nrmetntyem smiwes2i251 Sd te HOP Tebeita att 
TO siatiupsy fedoitinun aff, Sidiiess vot, sheviovin saan? bec i 


sid ne cotbude zydiomil 990, sug Syaiy Teeanbq ona 4: Erte id re 


vigaeoss girs asad. sod at Mase." Cony viru To Stnomairopay. ey. s 
pueda hslostsatdaoe smb sat zed upaferayty femw? to e0nsrge sien s 
St 30. sm02 7D ptnomenPuget femmes P43 hig hat Taboage anit Artw teal 

ane Visp'nh ef 225550u7 Pnojon re BENT - Fan? ars ‘ee 1K an 


| 


tant Wein ons. ba attend thingy Pints? sain. ait aint. éo4e097 Ao: or 
i. -% iy 


(Bushnell, 1968; Williams et al., 1966). However, one thing that 

has been clear for sometime is that many fungal enzyme systems are 
inducible and changes in substrate, substrate levels, or age of mycel- 
jum may drastically change the kinds and levels of the exo-enzymes 
released by a given fungus (Brown, 1915; Christensen et al., 1951; 
Cooper and Wood, 1973; Singh and Wood, 1956). For this reason the 
physiology of invasion of host tissue by a fungal pathogen is very 
different from growth of that fungus on artificial medium (Bateman, 


1963; 1966). It is also clear that enzymes produced in vitro, or for 


that matter in vivo, are not necessarily functional even though sub- 


strate is available (Cole and Wood, 1961a). 

Exudation is a very common phenomenon in fungi, but as with 
nutritional studies, is an area of fungal physiology which is largely 
unexplored in relation to pathogenesis. If liquids characteristically 
exuded by fungi have a role in the various stages of pathogenesis, 
they will undoubtedly have their initial opportunity to interact at 
the host-parasite interface. This is the most critical barrier to 
infection and is of utmost importance in any attempt to understand 
how pathogenesis is initiated and infectivity acheived. However, it 
is an elusive area because 1) it is so difficult to define; 2) there 
are structural, physical, and biochemical aspects to the process; and 
3) the relationship between host and pathogen is so interrelated 
that separation of cause and effect becomes almost impossible. This 
interface is also where the host first comes in contact with fungal 
exudate. 

This study was designed for the purpose of investigating hyphal 


exudation in the fungus Fusarium culmorum and its possible role in the 
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Stages of pathogenesis. Particular consideration is given to inter- 
pretation of the results in relation to the potato storage problem 
"dry rot" of which Fusarium spp. are the major pathogens. 
Attempts were made to 1) record the development of the fungal 
exudates in relation to the aging of the colony; 2) to determine 
the biochemical nature of the exudate associated with F. culmorum; 
and 3) to investigate the effects of this exudate on plant tissues. 
Of particular interest during the project was the histological 
and biochemical similarities between cell damage in potatoes treated 
with exudate and the observations made on potato tissue suffering 


from storage dry rot. 


Fungal Exudates 


The presence of liquid on fungal reproductive structures has 
been reported numerous times. Liquid droplets have been associated 
with the release of basidiospores (Buller, 1958), and investigations 
by Knoll (Buller, 1958), of the drops of liquid excreted from the ends 
of pileal hairs of Coprinus ephemerus and Psathyrella disseminata, on 
various cystidia and the sporangiophores of Pilobolus spp. suggest 
that these drops contain an unidentified colloid constituent which 
Knoll described as mucilaginous. He also reported that crystals 
of oxalic acid formed at the ends of cystidia as the drops of liquid 
dried. 

Remsburg (1940) observed liquid exudates associated with the 


sclerotia of Typhula spp. and noted that a crystalline residue was 
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formed when the liquid was dried on a glass slide. Since then, a 
number of reports have been published regarding the biochemical con- 
tents of the sclerotial exudates (Colotelo, Sumner, and Voegelin, 1971a; 
Colotelo, 1973 Cooke, 1969; Cooke, 1971; Jones, 1970). Colotelo et al. 
(1971b) demonstrated the presence of a "sac" enveloping the liquid 
droplets on the sclerotia of Sclerotinia sclerotiorum. 

Exudates associated directly with vegetative mycelium have not 
been reported as often. Thom, in 1930, and later Raper et al. (1968), 
reported exudates associated with the mycelium of colonies of Peni- 
cillium spp., while in 1932 Fenner, in describing Mycotypha microspora 
reported the presence of "tiny water drops" adhering to the aérial 
mycelium. She noted that although the droplets appeared consistently, 
they disappeared within a day or two, and she attributed no importance 
to them. 

Exogenous factors associated with fungal growth and the role of 
these factors in pathogenesis were reported in the 1800's by Ward (1888). 
In this paper, he illustrates a keen skill of observation and communica- 
tion as shown by the following quote: 

In the netghbourhood of the mycelium, e.g. 
at the margin of the diseased area (Fig. 3), 
the cell walls bounding the lacunae, and 
those of the epidermis and guard-cells of 
the stomata, are often found to be swollen 
and turning brown and granular (Fig. 8). 
This was a phenomenon which greatly puzzled 
me until I found that it ts due to the ac- 
tion of a soluble ferment excreted by the 


fungus itself and whitch slowly diffuses 
around and kills the cells. 
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This quote represents an early reference in support of the 
production of diffusible, toxic factors which can cause host cell 
damage well in advance of the invading hyphae. There are ample re- 
ports to show that fungi growing in culture release degrading enzymes 
into their surroundings, but the mechanism by which these exogenous 
compounds are released is not known. However, there is a distinction 
to be made between the cytoplasmic extrusions described by Ward (1888), 
and the exudates discussed in the opening paragraphs of this review. 
The extrusions described in detail by Ward, have been observed for a 
number of fungi associated with this study and are described in more 
detail under "Results". 

The characteristic presence of the liquid on aerial mycelium 
and in association with the surface hyphae indicates that a basic 
physiological mechanism is in operation, which results in the constant 
exudation of these droplets. To date, there is no explanation of the 
mechanism. However. recent work on the lysosomal concept in plants 
and cin canens 1973; Matile, 1969; Wilson, 1973), indicate that 
there is an explanation to account for the intracellular source and 
function for these exudates. 

In plant ae ey the primary function of the Golgi Apparatus 
seems to be to synthesize polysaccharides which are then passed out 
to the points of cell wall synthesis; and experimentally, it has been 
shown that the Golgi Apparatus of dividing cells of maize epidermis 
produce distinct vesicles which contribute material to cell plate 
formation (Leech et al., 1963; Whaley et al., 1963). Similar findings 
were made with Phalaris root tips (Frey-Wyssling et al., 1965), and 


by the time the cell plate vesicles have extended to the lateral wall 
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of the mother cell, primary wall deposition has already begun at the 
centre of the plate. With few exceptions, a primary wall is laid 
down onto the middle lamella. The deposition of material for cell 
wall production requires complex enzyme activity and these enzymes 
are presumably associated with the very same vesicles. 

Aside from this apparent role in anabolism, the lysosomes do 
play an important role in pathological processes in animal systems 
(Dingle, 1973) and this function has been retated to plant systems 
as well (Bracker, 1971; Gahan, 1973; Wilson, 1973). 

The lysosomal concept was first postulated by DeDuve (1959) and 
interpretation from the original system was relatively straight for- 
ward because: first, isolation of the vesicles was from liver tissue 
which is highly differentiated and uniform and as a result, the 
vesicles so obtained were uniform in age and properties. Second, 
the marker enzyme, acid phosphatase, was almost entirely associated 
with these vesicles. Because of this concentration of acid phospha- 
tase in the vesicular fraction in these original experiments by DeDuve, 
the enzyme became associated with lysosomes from all sources. However, 
the absence of this particular enzyme has been conspicuous in many 
lysosome-like structures observed in both plant and fungal tissues 
(Dauwaulder et al., 1969; Shaw, 1966). In fact, reports on fungal 
lysosomes have been quite variable and in view of the range of histo- 
chemical and cellular fractionation techniques used, the variation in 
the physiological state of the organism, and the number of fungal 
species checked, discrepancies in the types of enzymes associated with 
these lysosomes are understandable (Matile et al., 1967; Pitt, 1968; 


Scott et al., 1971; Wilson et al., 1969). 
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In recent studies on fungi, it has been shown that lysosomes are 
involved in multiple roles in the synthetic processes in the cell, They 
are involved in septum formation in Verticillium albo-atrum, 
Aspergillus nidulans, Metarrhizium anisopliae (Buckley et al., 1969; 
Hammill], 1972; Oliver, 1972), in conidiogenesis in A. giganteus (Trinci 
et al., 1967; Trinci et al., 1968), in bud formation in Rhodotorula 
glutinis (Marchant. and Smith, 1967), and in the region of the growing 
tip (Grove et al., 1970). In view of this evidence, the concept must 
be one of a lysosomal system rather than of isolated vesicles occurring 
at various stages and in various locations within the organism. 

Figure 1 (from Wilson, 1973) is a schematic representation of 
a possible lysosomal system in higher plants and fungi, but because 
a Golgi Apparatus has not been found in some fungi (Bracker, 1967), the 
origin of the primary lysosomes in these fungi needs clarification. 
However, the high metabolic activity of the hyphal tip, the concentra- 
tion of vesicles there, the fusion of these vesicles with the plasma 
membrane and the numerous reports indicating the presence of exo-acid 
hydrolases associated with fungal growth, all suggest that the con- 
tents of these lysosomes are extruded to the exterior of the cell as a 
normal consequence of fungal metabolism and physiology. 

Under the conditions of shake culturing, the extruded material 
would be dissipated into the growth medium, and it is this type of 
growth procedure which is commonly used to obtain culture filtrates 
for the analysis of exoenzyme production by fungi. In the case of 
dry cultures and most still liquid cultures, the extrusion of material 
from aerial hyphae results in droplet formation, whereas surface and 


submerged hyphae result in collection of the liquid on or in the solid 
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FIGURE 1 


A possible lysosomal system in higher plants. The Golgi 
Apparatus produces Golgi vesicles which may migrate to the 
plasmalemma and fuse with it to produce excretory vesicles. The 


endoplasmic reticulum also produces a number of distinct vesicles. 


(From Wilson, 1973). 
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substrate at the periphery of, as well as surrounding the hyphal strands. 
In the specific case of fungal pathogens, enough information 
has accumulated to allow for the formation of a concept for lysosomal 
behaviour in pathogenesis,and the lysosomes in both the host and 
parasite may play important roles in this host-parasite interaction. 
It is generally accepted and supported by much evidence, that the 
exoenzymes of the parasite may digest the host cell wall if the proper 
enzymes are excreted, or the reverse may be true and result in resis- 
tance to the pathogen (Abeles et al., 1970). Hydrolytic enzymes have 
been recorded as present in plant (Kivilian et al., 1961), and fungal 
cell walls (Cheung and Barber, 1971), and the initial interaction may 
be between their exoenzymes (Barnett, 1974; Curtis and Barnett, 1974; 
Strand and Mussell, 1975). It has been shown that enzymes are released 
from potato tissue treated with endopectate-trans-eliminase isolated 
from Erwinia carotovora (Stephens and Wood, 1974). Another possibility 
is the direct inhibition of the pathogen exoenzymes (Albersheim and 
Anderson, 1971), and there is evidence that these interactions may 
occur as the result of activation of the lysosomal system of the host 
and/or pathogen. For example, the migration of spherosomes into the 
haustorium of Piptocephalis virginiana when parasitizing Mycotypha 
microspora has been illustrated by transmission electron microscopy 
(Armentrout and Wilson, 1969). Webber and Webber (1970), report a 
concentration of lysosomal-like organelles in the penetration peg of 
a lichen haustorium of Parmelia sulcata Tayl. and they postulate that 
these function in providing enzymes for cell wall penetration. Pitt 
and Combe (1968, 1969) have evidence for lysosomal involvement in 


pathogenesis involving potato tubers and Phytophthora erythroseptica. 
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Degradation of Cell Walls 

As early as the nineteenth century, DeBary (1887) was able to 
demonstrate and record the disorganization of host tissue using the 
expressed sap from plants infected with Sclerotinia sp. Ward went one 
step farther and extracted a similar destructive component from a 
Botrytis sp. In 1915, Brown introduced significant experimental 
improvements to the investigation of fungal "toxins" by manipulating 
the growth of the fungus (also a Botrytis sp.) to obtain enzyme prep- 
arations which were much more active, and therefore, more convenient 
to work with. Since that time, many workers have confirmed the 
presence of degradative enzymes in association with pathogenic fungi 
(Bateman and Millar, 1966; Van den Ende, 1974; Wood, 1967). Table 1 
gives examples of Fusarium spp. which have been shown to produce 
various cell wall degrading enzymes. 

Traditionally, the two enzymes associated with the breakdown 
of tissues have been pectolytic enzymes and cellulolytic enzymes, and 
the majority of research in relation to maceration has been on these 
two groups of enzymes. However, in reality the enzyme systems are 
much more complex than that. First, there are a number of pectolytic 
enzymes, each one specific with regards to the substrate required 
and to its mechanism of action. Secondly, there is also more than one 
cellulase involved. Thirdly, besides these two groups of enzymes, 
there are data supporting the involvement of specific hemicellulases 
(Sturdy et al., 1975), proteolytic enzymes, ligninases, cutinolytic 
enzymes and others (Wood, 1968). Considering the complexity of the 
cell wall which needs to be altered to allow effective invasion by a 


successful pathogen, the broad array of enzymes present or inducible 
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TABLE 1 


PRODUCTION OF CELL-WALL DEGRADING ENZYMES BY FUSARIUM SPP. 


IN VITRO: 


Organism Enzyme Reference 
Venkata Ram, 1957, 1959 


Fusarium sp. Cellulase 


. solani 


spp: 


. oxysporum 
. oxysporum 


. solani 


VIVO: 


Organism 


- moniliforme 


. roseum f. 
cerealis 


 SOlanitt. 
phaseolis 


. solani f. 


cucurbitae 


. SOlani f. 


phaseolis 
. solani f. 


— 


pisi 


- oxysporum f. 


lycopersici 


Cellulase Etchells 
Polygalacturonase Etchells 
Singh an 


Polygalacturonase Waggoner and Dimond, 1955 
Pectin methylesterase Waggoner and Dimond, 1955 


Polygalacturonate Bateman, 
trans-eliminase 


Host Enzyme 


Corn Stalks Cellulase 
Carnation Cellulase 


Bean Polygalacturonrate 
trans-eliminase 


Squash Polygalacturonate 
trans-eliminase 


Snap Bean Polygalacturona te 
Hypocotyls trans-eliminase 


Pea Seedlings Polygalacturonate 
trans-eliminase 


Tomato Pectin 
methylesterase 


et al., 1958 
et al., 1958 
d Wood, 1955 


1966 


Reference 


Foley, 1959 
Phillips, 1962 


Bateman, 1966 
Hancock, 1968 


Papavizas and 
Ayers, 1966 


Papavizas and 
Ayers, 1966 


Langcake et al., 
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in pathogenic fungi is not surprising. 

The plant cell wall is a complex structure of polymers which 
surrounds the cell proper, and is separated from the cytoplasm by the 
cell membrane. It functions to counteract the osmotic pressure re- 
sulting from the cell contents, as support for the plant, as an inter- 
cellular cement, and to play a complex role in plant pathogenesis. One 
of the major functions in this latter case is to act as a source of 
nutrient for the successful pathogen, and to control the production of 
the degradative enzymes. The biochemical nature of the cell wall is 
of great significance to the pathogen (Karr, 1970). 

Biochemical studies support the concept that pectic substances 
are laid down during the early stages of wall growth (Northcote, 1963); 
and therefore, would be concentrated in the middle lamella area. This 
was illustrated for onion root tip cells (Albersheim and Killias, 1963) 
and for potato tuber cell walls (McClendon, 1964). These pectic sub- 
stances are generally accepted as being basically polymers of 

galacturonic acid with varying degrees of methylation. Formerly, 
it was thought that pectinaceous materials were the major constituent 
of the cell wall matrix in all plants,but recent evidence indicates 
that hemicellulose may constitute up to ninety percent of the continu- 
ous amorphous phase of cell walls in some cases (Albersheim, 1965; 
Zaroogian and Beckman, 1968). In the cell wall proper however, (with 
the exception of some green algae and most fungi) the primary constit- 
uent is cellulose formed from 8-1,4-linked D-glucose molecules, some 
8,000 to 12,000 units long. These form linear microfibrils which are 
deposited in the amorphous matrix of the cell wall (exclusive of the 


middle lamella which is not a component of the cell wall proper) and 
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these microfibrils have the capacity to become displaced from one 
another, an important fact when considering the mechanism of primary 
cell wall growth or breakdown. The primary wall itself, can be con- 
Sidered more like the amorphous middle lamella than the closely packed 
secondary wall which has as much as 50 _ percent cellulose fiber, 
i.e. in tracheids. The primary wall is also distinguished from the 
secondary wall by its ability to extend as the protoplast expands, by 
a dispersed texture of the microfibrils, and by the ability of the cell 
wal | és Show reversible changes in thickness. (The transition of 
material from the primary wall to secondary wall is so gradual that 
distinction between the two is really arbitrary. ) 

Fig. 2 shows the components of the primary and secondary walls 
and illustrates the presence of other minor components besides cellu- 
lose and pectin. The major one is hemicellulose, which consists of 
the sodium or potassium hydroxide soluble polymers made up predomin- 
antly of D-galactose, D-mannose, L-arabinose, D-xylose, L-rhamnose 
and uronic acids (see Table 2 and Fig. 3). Typically, sc -cellulose 
is an unbranched glucose polymer whereas the hemicelluloses are 
branched polymers. The hemicelluloses probably occur in an amorphous 
condition between the microfibrils and their concentration increases 
toward the middle lamella. The protein content is relatively low, 
particularly in younger cell walls, and its role in cell wall 
structure is still unresolved. 

Table 3 shows some typical pectin compositions in various 
tissues. It is apparent that pectic substances are generally rich in 
galacturonic acid, but also, that they contain significant amounts of 


neutral sugars. However, pure galacturonans do occur, but infrequently. 
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TABLE 2 


CARBOHYDRATE POLYMERS OF PLANT CELL WALLS 


Polymer Known Component(s) 


CELLULOSE : D-glucose 


HEMICELLULOSE Xylans 


Glucomannans 


PECTIC Substances Galacturonans 
Arabinans 
Galactans and/or 


arabinogalactans I* or II 


OTHER POLYSACCHARIDES Arabinogalactans II 


Fuco- (or galacto-) xyloglucans 


GLYCOPROTEINS 


* Arabinogalactans of type I are characterized by essentially 
linear chains of (1-4) linked 8-D-galactopyranose residues 
whereas those of type II contain highly branched interior 


chains with (1-3) and (1-6) intergalactose linkages. 
(From Aspinall, 1973) 
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FIGURE 2 


A schematic representation of the cell wall showing the 
major constituents and their relative distribution within the 
primary and secondary walls and the middle lamella. The 


concentrations of components increase in the direction of the 


arrows. 


(From Wood, 1967) 
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FIGURE 3 


Structural formulas for some of the common cell wall mono- 


and polysaccharides. 


1 = galacturonic acid 
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pectic acid (polygalacturonic acid) 
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methylated galacturonic acid 

4 = pectin (methylated polygalacturonic acid) 
5 = xylose | 

6 = xylan (a hemicellulose) 

7 = mannose 

8 = galactose 


9 = rhamnose 
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arabinose 


11 = glucose 
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cellulose 
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One such pure galacturonan has been demonstrated in sunflower heads 
(Zitko and Bishop, 1966). 

The neutral sugar L-rhamnose, as far as is known, occurs in 
pectin only, in the interior chains and appears to cause kinking of 
the otherwise regular chain (Rees and Wight, 1971). 

Pectinic side chains Of xylopyranose residues, alone or with 
appended D-galactopyranose or L-fucopyranose units, are found in 
tissues with potential for rapid enlargement and/or rapid differentia- 
tion such as pollen (Bouveng, 1965), soybean cotyledon (Aspinall, et al., 
1967), and white mustard seed (Rees and Wight, 1969), but are also 
minor constituents in more typical pectins (Aspinall et al., 1968; 
Aspinall, Gestetner, Malloy and Uddin, 1968). Side chains containing 
D-galactopyranose and L-arabinofuranose residues are more characteris- 
tically typical of pectins. 

The extent of the homopolysaccharide in the pectic substances 
of the cell wall is not well established. Much of the information 
may be misleading or not strictly comparable because of the variety 
and types of isolation procedures used. Strongly acidic conditions 
will result in hydrolysis of the acid-labile glycosidic linkages with- 
in the cell wall structure, and pectins with a high degree of methyla- 
tion (or generally, esterified D-galacturonic acid residues) are 
susceptible to base-catalysed degradation(Aspinall, 1973). This latter 
reaction leads to the cleavage of glycosidic bonds and the formation of 
unsaturated hexuronic acid units. This elimination in the presence of 
the appropriate ionic species may occur slowly at an acid pH (Aspinall 


and Cottrell, 1970). 
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Barrett and Northcote (1965), have shown that apple pectin 
heated in buffer at pH 6-8 is degraded into two distinct polysaccha- 
ride fractions (Fig. 4) which show evidence for the distribution of a 
neutral sugar-galacturonic acid residue widely spaced along the macro- 
molecular chain. . 

Cell wall pectins are generally assumed to consist of an un- 
oriented matrix between the cellulose fibrils of the wall; yet, as 
early as 1951, there were indications that pectin may appear in cell 
walls as fibrils (Roelofsen and Kreger, 1951; 1954). More recent 
recognition of the fibrils of poly-galacturonic acid on the surface of 
cultured cells of several species has been reported (Leppard et al., 
1971). White (1967), reported fibrillar aggregates during 
examination of cell cultures of Picea glauca, Sutton-Jones and Street 
(1968), observed fibrils on the surface of cultured cells of Acer, and 
Halperin and Jensen (1967), saw them on the outside of cells of Daucus 
and interpreted them to be cellulose. There seems to be no definite 
width to the fibrils and they sometimes appear to be split longitudin- 
ally or branched, suggesting a bundle-like structure. 

These fibrils in cell culture associate between cells or on the 
surface of cells to form sheets which in ordinary tissue, would be 
proximal to the part of the cell equivalent to middle lamella 
(Leppard et al., 1971; Leppard and Colvin, 1971; 1972). 

Chemical analysis of the fibrils of Ipomoea (Colvin and Leppard, 
1973), show them to be 68 percent hexuronic acid. Galacturon- 
ic acid appeared as the monomer of a long-chain polymer, and no other 
uronic acid nor neutral reducing sugars were detected. One sur- 


prising fact was that these fibrils were resistant to pectinase 


20 


abeeagiatyge tei Ne ae “aoe Be | 
dagsapeten Shar T2eFou ORT” cant bbs ish af Bag) ig aetna 9 

5. Ya nota eth. Sad xc sonabtive sunt cinigrt ple rn), Seon abe 
“vigen Fity, pacts paseqe vi pity guibleaT: eas. <a srseTeD inne 
| : | , ated vial 

sau abi@e Felbinea. oo bamucea Vil eters See 3 rte te 
a fey -s-F lew ce be eho > Genta’ le) ada Teeierad Gan 

i heed ada hiixt jong’ Fats agotiad thul: A Se She ‘ar “* 


i pt 


a 
te 


= 


ge 


ey 
ina TRORT: 120) i nepsrA nat ¥adz tna 
a-4oet aw o> on bresiotaypsbelbteyi 50 70 etre? 33) 1 ak 
. if 
(x ira pisias, )isioday Need) cer! 25 toon Tevaves tp 2.180 Sem F 
— J - ve 


8 
1 CAR 


ont Tut SStoRsv0bsEi tks S57 PASO QE (Veer) ahi 


4anns> Hrin -PaNolL-pOtFs Ge. SESUBID ESS Fy 2a) ti fi 4p pity 
hak BOUSILAE 
n . s PY : 
iié ASSA th oa F tan. Be ive) ris if S494 besarte ie be i ‘tsa? banned 7 at 
crawr’ s 
MG 


aUMEG: FO 2F139..%6 api ctie an! no mopy, woz i. (Yer) nsdosts Bia 
4)°piisp on ed ot: arsse event deg tat tse Gb.o2 shit ustaiqie 
-nibus tyne! Letqe da ob “sage asniairiie Vai boa et igh? ott at 
| NUIAATe aa Lf-—stbnbd eyo: ot iaagns ad Henan Hy 

str namo erfss nested ete] 38 haze aut iy. [fest 2) gh seh) ie 


. ~ 2 — = 
od Dia USSF ON sre trho a Takai fed Pan WiC G2 Fa nie ae i 


=~ 


el fara aloning dining Tist Sh2 30 Dae oi Lae 
dust * ri ay ate fe) " qa sINBSS, te: fa 0G 
i. 03} iy . * te vi) 


Z i 
eeTeGie) Tet) me ftps) i ota *o atid ana. hay tevin mer 
ra oi) ; - = 
~audarrs! 0) @IDt iat 3957981 a's ed 4) nal le . 
_ .7 
ay an tne a VOM FG ni 4 His a0 4 tb id eed te any eat 


tee aid deen 60+S yah Se ni pi Suey apy 
7 , 7 _ : 

i  gaeates mm eioelgaw ean 
| ok , 

balk ARE i 


bis r ‘ - 


er 


6 eG _ ‘% 
a 


Pe amie (oh 


a Je ie ae | 7 : os : i : 


‘yo Lal gh a. 
[aeaiinwns | 
aan 
[Gutansanal 
. 6 
o + ae a | TL 


ye 2 sian been "4 os etnenge Ge aétnedie J Gamictaienn 
are alton se" jh ab imed3 WSR molt HIGEOAT | 


itngars naveny As palntdings rigs) te nersebespeb mobnsy 


Oe 


aot) 


afsyoo eer eerie 6g ta prisetenoy xelqinos. 6 (fF) bn 


chee obf> nsdoel oar 6.03 svat 


“ [Asani id i 
{E001 Tfoniqea nob) 


+ [Bamctosg| 
on oly 


alba Keds 
badass Saectorente —} ead carn 


G deve cy 


b 9B: stvows asi 60100 ify i a ow? sdT ..euepee fursuen 74 


FIGURE 4 


The formation of two chemically distinct polysaccharides 
on random degradation of pectin containing an uneven distribution 
of neutral sugars. The two products are (i) polygalacturonic acid 
and (ii) a complex consisting of galacturonasyIrhamnose ‘covalently 


linked to an arabinan-galactan side chain. 


(From Aspinall, 1973) 
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(Leppard and Colvin, 1971), but these authors suggest that the presence 
of protein and other molecular groups may interfere with enzyme hydro- 
lysis. 

This chemical evaluation and the interpretations on plant pec- 
tins are relatively new work and their major importance is possibly as 
a warning that cellulose can no longer be regarded as the sole fibril- 
lar component in plant cell walls. More care will be needed in the 
identification of these fibrils in the future.. 

Pectic substances constitute the major component of the cell 
wall in potato (Hoff and Castro, 1969). Table 4 illustrates the com- 
position of potato cell wall, the specific sugar composition of the 
pectic materials and the sugar composition of the hemicelluloses. 

This work agrees with the findings of Le Tourneau (1956), but disagrees 
sharply with a more recent paper by Vechner and Prokazov (see Hoff and 
Castro, 1969). These authors found tuber cell walls to be composed 

of from 65 to 80 percent glucose, whereas the findings listed here 
(Table 4) show galactose as the major single monosaccharide. 

Bettelheim and Sterling (1955), showed that the extraction 
technique used influences the nature of the pectinic products released 
from potato cell wall, and they emphasize the importance of calcium 
in binding the cell wall pectins and somewhat, controlling their 
release under various extraction conditions. Hoff and Castro (1969), 
have also reported a non-uniformity in the pectic fraction of potato 
cel] walls. They point out that the large amounts of neutral sugars 
present will have a significant effect on the physical properties of 


the constituent pectic polymers and thus, on the tuber cell walls 
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themselves. For example, the pectic material they isolated was solu- 
ble whereas normally, pectinic acids completely precipitate out of 
20 percent alcohol solution. These same authors used oxalic acid- 
ammonium oxalate to solublize their pectic substances, but did not 
indicate that calcium was involved. They also speculated that there 
may be an araban-galactan fraction associated with the polyuronides. 
An arabanase-galactanase complex has been shown to be operative in 
carrot tissue (Hatanaka and Ozawa, 1965; see Hoff and Castro, 1969). 

Although the above does not constitute an exhaustive review of 
the structure of the cell wall, it does point out that differences in 
the degree of esterification of the D-galacturonic acid residues, and 
the variation of sugar composition are both important in the overall] 
assessment of cell wall pectins. 

The cellulose found in primary and secondary walls appears to 
result from different biosynthetic pathways. This is concluded from 
the facts that the molecular size of the secondary wall cellulose is a 
constant Pi 13000 to 16000 and is independent of the extent of con- 
version, whereas cellulose of the primary wall is of lower polymer 
size and of non-uniform distribution (Marchessault and Sarko, 1967; 
Rees and Skerrett, 1968). Marx-Figini (1969) suggests that the 
molecular size of the secondary wall cellulose is genetically deter- 
mined, but that morphology and crystal structure are dependent on the 
molecular properties of cellulose itself. 

The hemicelluloses of lignified tissues fall into two groups 
(Fig. 3) (Timel], 1964, 1965). Only small differences in the struc- 
ture of the backbone chains within each group have been detected; the 


major variation in structure is in the number, nature and mode of 


~ahoe sey hess) or!) Cand aaa Tt o2 : a 
. ey a ig sy a , 7 
4 - + eth, ona mt i 

bee inter’ amen Lee ayes sia be» fonmahe 
toh DTD twa «derive itil 5) Eye pea reqnuede ot ey 
a ae 31 sbde Wanye 2/6 he Mea eid Bae winds a 


sanbioivyl od rit aa tw Rare f eee nalToenhy Stabe a: oh 


ane 7 ata REED Vater 


oy PACT IL bil’ ot TOD 1836 Jere KS i oiay amet ei 


8 4 


Avie | a3 a 6) PS fa on es Pe anny »OwWasy ODT edonpdarty) ¥ 


$n Wives Surielie (ko. 1h SIU TR enoy IN 29 A evoge ay sess 
i 


ah wenirerot? ti ser) Jug sncrae 2a00-7¢ tee 11o3 cht 6 out 
Hrs Pati ian hips | HO rei eee 4 7 +o nonyini Tie 28 vi ie re 


iesavo ott. ninasiogar ndud as 1608 Aocges ‘SERe ro fiers 


‘ 
2ntioag) Fiat fies Sac ia 
ieias2 LAS Vipin AP bil wr seoTut lao: Mae, 7 


mont Hebolpncg 2t ern avawndteg) ohventiecsatd SAgaertya ii: 


& 2} S¢ofh| fa>—{ Few vsebnegee: ene 7a Sere néludel out Brie Swit 


afar *o etx Bd? Fo. InsbAsdpONn! ef Ene GOGAT, oy bnus 5 


* y me 
(sity (0 OL TOs! hw VASES etd MN Seth) pha saprodwe o 
» Seer poine Ona Ties RaHIVOM) farnay re b nit tluson, toh » a 
43 ge} 23240 apie. (Ranh jn Sana” (eae ; ini = 
fe ; es ee, 0.” =~ a 


#so2> Vl fetlfag@ et a26tolins f Frat ‘yor mae ans no7pshe 6. 
Sad icj.)ehtbdeh ae cid se ed: iKedevys brie, vioinatqan Sarit: sata 
‘fas Si Azol etl ss 79 cisohorG ARES 

sqaine ows x50) fish, ranzets vate aay ‘7 baci | 
sapere ale” int sapapratt th: itn yine det 
‘fit sbowzp tint’ “ahd si aveaee aoe igi ent ne 


es P 
8 Show. 0ns Saal ).4 Ye nt ballads Sideal Di ak 7 


p 2 : : F . . 2 ; ; aaa 7 


28 


attachment of the sugar residues and of other constituents such as 
O-acetyl groups, which are attached as side chains. These differences 
reflect differences in biological function. Generalized structures 
of these two groups are shown in Figure 4. Polysaccharides of the 
xylan group and eCrieeTie of the glucomannan group are components of 
the secondary wall. 
| Although traditionally, attention has been directed at the 
polysaccharide composition of cell walls in the evaluation of tissue 
breakdown, the possible role of glycoproteins cannot be overlooked. 
Evidence does exist for sugar-amino acid linkages within the cell 
wall (Lamport, 1973). Some of the common sugar constituents of 
these glycoproteins which have been identified are arabinose (Heath 
and Northcote, 1971), galactose (Monro et al., 1972), rhamnose 
(Pusztai and Watt, 1969), and galacturonic acid (Pusztai et al., 1971). 
The biological function of these glycoproteins in the cell wall is 
still largely unresolved - 

Since fungal enzymes capable of the breakdown of most of these 
components of the cell wall have been detected, it is clear that the 
process of invasion of host tissue by fungal pathogens is a complex 


one e 


Tissue Degradation 


Cell wall dissolutionof one kind or another must accompany the 
invasion of host tissue, and it is clear that the process of invasion 
will vary with the combination of host and pathogen involved, Yet 
despite the potential for variation and complexity, some generalities 


do occur. Obligate parasites such as rusts and downy mildews grow in 
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the intercellular spaces or between cells when these are in contact > 
and penetrate intracellularly by means of short haustoria which extend 
into the lumen of the cell. Facultative saprophytes such as the smut 
fungi are also basically intercellular within host tissue, and the fact 
that these fungi do grow between cells without intercellular spaces 
indicates that there are some modifications of the cell wall. However, 
by light microscopy, there is little evidence of any change having 
occurred in the wall structure (Wood, 1967), and there appears to be no 
reduction in the coherence between adjoining cells because infected 
tissues are of the same consistency as normal tissues. 

A second general type of tissue alteration occurs with the 
disease of parenchyma tissue resulting from attack by facultative 
parasites (although under certain conditions some are intercellular, 
e.g. Rhizoctonia solani). This type of breakdown is described as soft 
rot because the tissue becomes soft and has a waterlogged texture. 
This implies that two things occur: 1) an alteration in cell permea- 
bility takes place and, 2) since the cells become separated from one 
another, degradation of material between adjacent protoplasts occurs. 
There are in fact, some suggestions that macerating activity and 
toxicity can be completely separated. Tribe (1955), showed that 
maceration of tissue could occur without killing of the cells if sub- 
stances in the external solution are kept slightly hypertonic, and it 
may be that the killing of protoplasts during maceration is the result 
of osmotic effects. This work was confirmed on the same experimental 
system by Fushtey (1957), but attempts to separate the factors respon- 


sible for maceration and cellular death failed. 


¥ - : : rs a i 
i ; " J : an € . 7 
‘ “a7 A@ ry Ce tl mie PLS a Z ae autor » 25% n>" 
oes fe. ae 7 i) adie POT ho LS 
s iy ¢ ‘ a hs ca aed oe es i "7 : 
; wae n By ee be, a 4 a Ss 
+o .2nso VINSHITTSOBIS AT 
i 


oa its hel Bide tol ae ie erate TESS ch ae 516 ’ 
2aned2 vel ul fsotstar yo ms ho ne few 

naan. (Tew: Piso ‘ath 40 anottasttibom orig Ha" soa ent 2 ae 
privat ‘opines ys to sonebiva: Bisatl ef rani: cacy 


drt. od oF oA STIge hi Nix, “Teper eboow) ona aide Tew att 


ajoetnt seussed ef feo ontntsines jens estaba ola ae tt 
be * a ’ : / a— e 
-eSueatd. leation 2A) yonsi2t2eneo -aiibe om) My & 


Od: ADT E4WIR0 nottara tts ayerty 0 aGyt Pe YS undieal 
Ly a 


avissdfuont “a A>dBtI6! GON ants hee guests ‘emetonersa Yo @ 


'= 


. ipl fearssAt Sts smpe eqessr Rng 16399 napiy Heicntsl os 


a 
‘S 


4toe-en badiyaesb 2t nidideoed to. SOND 2ENT «(iste fine sindtogst iit 
sittzot babes fistaw’s sd Ds $792) camons¢ ad ay Nee sa 

+pammtag 1 a9)ni noftevatts ne bi syusc8 2opitt owe, tend ea fn 
oro BOT baisisqee 20 250 afiss 4nd apar2 (Ss brs spel 2s a 
/B1N990. Phen Pee Pe raeee pi Rael fst vOsey: a? sea ue ee (4 oh 
bs! vey hos uci {Raye ‘anbbfeapaue aoe «ost nt =e 


‘Tadd Dawite We eet) Rin cbotevagae i Spstqoes ad. A834 
‘ 


~ die AE aise oy. deicoas i stain» plidag nine3 ap2ts toe 
4 bus. 2f noe yldtpt fe gee Sis nel toipe Tamed ant oF 
ftuapy sis: 3 1 aoraerdont it bo PM gtacnen 30 BOnth id, silt vt 
Fegnaitrnnas eine ort no bei Aha, enw dt hes aTnT- epost ot 
“ome er0ts8t sith sheer of sys Jud 2 (Teer) wasean wa 


bat an pint oe ahs om 907 


- 


30 


Kamal and Wood (1956), reported some separation of the macerat- 
ing and eannnte activities for enzyme extracts from Verticillium 
dahliae, and Basham and Bateman (1975), working with Erwinia 
chrysanthemi which produces a homogeneous endopectate lyase, showed 
both electrolyte loss from cells and cell wall breakdown in tobacco 
pith cells. They were able to protect the protoplasts from injury by 
plasmolysing the tissue prior to treatment with enzyme, yet cell 
wal] breakdown was not retarded. Spalding (1969), indicated that 
tissue maceration and cellular death of sweet potato attacked by 
Rhizopus stolonifer are linked. 

Changes in the permeability characteristics of plant cell mem- 
branes are common in diseased tissue (Wheeler and  Hanchey, 1968), and 
it is commonly evaluated as the extent of ion leakage from diseased 
GIssuel. 

The third general class of rot, again characteristic of facul- 
tative parasites, is dry rot and the significant characteristics of 
this disease syndrome are slow development, dry texture and (except 
under conditions of high humidity) a lower water content than in normal 
tissue. With this rot, degradation of cell walls occurs and the 
difference from a soft rot is that soft rot retains water while the 
dry rot does not. 

Wood (1967) points out, "Almost all of what is known about 
breakdown of cell walls by plant parasites comes from the study of 
soft rots.", and perhaps this is not unexpected considering the impor- 
tance of maceration to pathogenesis and the ease with which the symp- 


toms of soft rot can be studied in vitro. 
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Dry Rot in Potato 

As early as 1908, Pethybridge and Lafferty (see Boyd, 1952), 
reported on the susceptibility of potato tubers to dry rot and since 
that time, the majority of the work on dry rot has been in relation 
to the incidence of the disease in the field and to control of the 
disease in storage,while almost no work has been done on the physio- 
logy of the disease, 

A number of organisms have been associated with dry rot, 
although Fusarium caeruleum remains the major organism causing the 
disease. Other species of Fusarium which have been implicated as the 
causal organism of dry rot are F. avenaceum (Moore, 1945), F. arthro- 
sporoides, F. tricinctum (McKee, 1952), F. solani (Goss, 1940), F. sul- 
phureum Schlecht (Boyd and Tickle, 1972), F. 


culmorum and F. sambucinum 
(Booth, 1971), and F. roseum 'Avenaceum' (Jones et al., 1968). 

From the research done thus far, the following general facts 
about the disease have been established: 1) water conditions play an 
important role (Fernando and Stevens, 1952; Greg, 1952; Lapwood, 1957; 
Murant and Woods, 1957), i,e, dry rot outbreaks frequently follow 
severe dry seasons. However, Boyd (1967), notes that the variety Home 
Guard loses water faster than variety Catriona, yet the latter variety 
is much more susceptible. Also, Moore (1945), states that high humid- 
ity favoured rotting but that the extent of the rotting varied with the 
species of pathogen; 2) susceptibility is largely influenced by the 
variety of potato attacked; 3) there is higher susceptibility at lower 
temperatures (Griffin, 1964), and in cold storage. This may be due to 
a lag in wound periderm formation (Steward, 1943). However, Boyd 


(1952), found higher susceptibility at 59° F. than at 39° F. when 
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stored before treatment. The influence of temperature during storage 
may be on both the host and the pathogen. 

Details of the physiology of this disease are very sparse and 
it is difficult to put forth any general hypothesis related to the 
disease syndrome on the evidence that is available. Singh and Mathus 
(1937), and Appleman and Miller (1926), report rapidly growing tubers 
in post-flowering period show a high sucrose/hexose ratio which falls 
off sharply when leaves begin to die. This may be correlated with 
Boyd's findings (1952) that there is a very high peak of susceptibili- 
ty in immature tubers in the post-flowering period and a sudden de- 
crease in susceptibility when the haulms are dead. This high suscep- 
tibility when tubers are immature and low susceptibility when lifted 
was reported again in 1967 by Boyd. Pethybridge and Laffery (see Boyd, 
1952), discount the action of sugar concentration in influencing in- 
fection since susceptibility was not increased by low temperature 
storage before inoculation, which should have increased the reducing 
Sugar content (Sereno et al., 1957). Boyd (1952), suggested that 
pre-maturity susceptibility probably depends not on sugar but on the 
presence of a transitory compound which is concentrated during active 
growth of the tubers and which is then converted as the tubers mature. 
He makes no prediction as to what the transitory compound might be but 
one possibility is a phenolic of some kind. 

Some workers have suggested that susceptibility and resistance 

to dry rot are related to the production of phenols by the host tissue, 
either by constitutive means or as a result of fungal inducement (Griffin, 


1964). The classic example involves infection of onions by Colletotri- 
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chum circinans,. This fungus is soil borne, penetrates the outer tissue 
of the onion by formation of an appressorium and parasitizes the inner, 
thick, fleshy leaves. Varieties of onions with pigmented outer scale 
leaves are resistant while varieties with colourless scale leaves are 
susceptible. The toxic pigments that account for the fungal toxicity 
are flavones which also occur as glycosides in plant tissue (Walker and 
Stahmann, 1955). Similar work has been done relating to Helmintho- 
sporium carbonum (Kuc et al., 1955; Kuc et al., 1956; Kuc, 1957) 
and Streptomyces scabies (Johnson and Schaal, 1952: Schaal yetsail.%al953'; 
Schaal and Johnson, 1955), and in cotton in relation to Rhizoctonia 
solani (Hunter, 1974). 

In potato tissue chlorogenic acid tends to accumulate around 
injured tissue in infection with S. scabies (Johnson and Schaal, 1952; 
Politis, 1948). Bate-Smith (see Griffin, 1964), reported that fresh 
potatoes are less susceptible to rot caused by F. caeruleum (Lib.) 
Sacc. than stored potatoes and that fresh tubers have a higher content 
of chlorogenic acid. But, Kuc (1957) found that although potato tissue 
infected with F. solani f. radicicola (F. caeruleum ((Lib.)) Sacc.) 
produced chlorogenic acid, the fungus was not inhibited by extracts of 
inoculated tuber tissue nor by high concentrations of chlorogenic acid 


(1 x..107¢ 


M.). 

However, most of the phenols are very reactive; therefore, re- 
sistance is more likely due to a phenol derivative, if indeed the 
phenolics are involved at all. 

Ultrastructural studies of cells undergoing a hypersensitive 


response show that the walls of the plant cells surrounding the hyper- 


sensitive cells are altered (Friend et al., 1973; Klarman and Corbett, 
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1974; Mercer et al,, 1974; Tomiyama, 1967). Albershiem et al. (1969) 
offers a hypothesis to explain resistance in the true bean Phaseolis 
vulgaris to Colletotrichum lindemuthianum which implicates the level 
of glucose as a controlling factor for the production of cell wall 
degrading enzymes. Other workers have shown the involvement of an 
elicitor of fungal origin which stimulates the production of a phyto- 
alexin and imparts resistance to the fungal attack (Ayers, A., J. Ebel 
and P. Albersheim. See P. Albersheim and A.J. Anderson-Prouty, 1975). 
Ayers et al. have shown that the elicitor is Da areec cnc de and has 
extracted active elicitor from the purified mycelial walls of Phytoph« 
thora megasperma var. sojae. The polysaccharide portion of the elicitor 
preparation are 3-liked, 6-linked, 3,6-linked and terminal glucose, 
The structure of these elicitor polysaccharides resemble closely the 
non-cellulosic glucan of this pathogen's mycelial walls (Zevenhuizen, 
1969). 

This research has put a new emphasis on the involvement of poly- 
saccharides in pathogenesis. First of all this will naturally implicate 
fungal cell wall degrading enzymes which are capable of releasing poly- 
saccharides from host cell walls (Hancock, 1967). The effect of length 
of growth period and nutrition available upon tuber susceptibility to 
dry rot caused by Fusarium caeruleum has been studied by Boyd (1952), 
and he found that shortening the growth period reduces dry rot, His 
conclusion was that susceptiblity in immature tubers was closely related 
to sucrose content which suggests that some kind of possible interaction 
between the pathogen and the host sugars. Only little work has been 


carried out to-date, in relation to specific sugar releasing enzymes 


and their role in 2athogenesis, and particularly in relation to dry rot. 
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Sturdy and Cole (1975), have shown that the cell wall degrading 
oe -],3-arabinofuranosidase produced by Fusarium caeruleum is "most" 
active in lesions produced in susceptible potato tubers; however, 
they conclude that this particular enzyme is not a major factor in 
the process of tissue disintegration, but is a minor contributor to 
the process. 

Elucidation of the details of rotting processes will undoubtedly 
be aided by the current and future work in plant cell wall structure 


and in the systematic, enzymatic degradation of these walls. 
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CHAPTER II 


MATERIALS AND METHODS 


Maintenance of Culture 
‘The culture of Fusarium culmorum used is an Alberta isolate 
originally supplied by Dr. A. W. Henry and a stock of this culture 
was kept on a potato-dextrose-agar slant culture (PDA or PDA-D). The 
potato-dextrose-agar designated as PDA-D was prepared from commercial 
(Difco) potato-dextrose-agar,and that designated as PDA was prepared in 
the laboratory as follows: 
(i) 200g of diced potatoes in 800m] of 
distilled water were autoclaved at 
121° at 16 ~ for fifteen to twenty 
minutes ; 
(ii) the autoclaved material was filtered 
to remove the potato, and the liquid 
extract so obtained was mixed with 
20g of dextrose and 13g of bacto 
agar. The volume was adjusted to one 
litre with distilled water; 
(iii) this solution was autoclaved for 
twenty minutes. 


These stock cultures were transferred to fresh slants every four 


months. 
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Inoculation of Plates 

First, to observe droplet development in relation to colony 
aging, glass petrie dishes containing standard PDA-D were centrally 
inoculated with 4mm square plugs of inoculum and incubated at 20°. 
The inoculum was taken from the edge of a seven-to-fourteen-day-old 
colony to ensure that all stages of maturation occurred within the 
time and space limitations of the experiment. Second, for collection 
of exudate, glass petrie dishes were used. A sterilized 5 x 6cm 
Sheet of dialysis membrane (cellulose tubing, 0.0025 cm wall thick- 
ness, M.W. cutoff of 12,000 supplied by Arthur H. Thomas Company) was 
placed on the surface of the agar, inoculated centrally with a 4 mm. 
square plug of inoculum and stored at 24°. For these experiments 
only the peripheral mycelium of one-to-two-day-old colonies was used 
to ensure that no pigment was transferred. This was important because 
there is an aging factor associated with the pigment, and without this 
factor, mainly exudate-producing, aerial mycelia were generated which 
means a greater number of droplets were formed. 

The purpose of the dialysing membrane was two-fold: 1) it 
aided in the separation of the aerial mycelium from the surface of 
the plates, and 2) it enhanced the amount of aerial mycelium pro- 


duced, which in turn, increased the number of droplets of exudate. 


Observations of Droplet Development 


Colonies were observed by using incident and reflected light 
microscopy. There were no difficulties in observing the initial steps 
of mycelial development and droplet formation because the amount of 


mycelium was relatively sparse. Due to rapid growth, older areas of 
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the colony were soon covered with secondary mycelial growth and 
conidial masses. To allow observation of any one area of the colony, 
it was necessary to use 1/10 or 1/100 dilution of the media. Using 
this type of technique resulted in relatively reduced secondary growth 
and allowed for observation over long periods of time, even though 
linear growth had extended to the limits of the petri plate, This 
technique was used to obtain sequences of growth and droplet formation 


which were recorded photographically over several days. 


Collecting the Exudate 


The simplest technique for collecting the exudate was to draw 
the material up under slight vacuum into a fine capillary tube with 
an ID of 50. This method was too time consuming for collection of 
the large quantities necessary for rapid detailed biochemical testing 
so the following technique was used: 

The aerial mycelia were removed from the colony by means 
of a stainless steel spatula and deposited in a plastic centrifuge 
cup equipped with a false bottom. The mycelia were then centrifuged 
at 3400 rpm (approximately 1400 X g) on a Sorval RC2-B refrigerated 
centrifuge for forty minutes. The exudate which collected at the 
bottom of the tube was passed through a 0.45 pm Millipore filter and 
the filtrate used directly for biochemical analysis. For experiments 
involving plant tissue, filtration was carried out under sterile 


conditions to avoid contamination of the tissue during injection, 
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39 
Biochemical Tests 


1. Total Protein: 

The total protein content of the exudate was measured directly 
by the procedure of Lowry et al., (1951). This method is based on the 
formation of a copper-protein complex formed in alkaline solution which 
reduces the Folin reagent and produces a blue colour. The colour was 
read on a spectrophotometer at 630 nm and the protein quantitatively 


determined against a bovine serum albumin protein standard. 


2. Qualitative Determination of Protein: 

Electophoretic separation and detection of protein was carried 
out by the method of Davis (1964). The total protein pattern was 
determined by staining the gel with 1 percent Amido-Schwartz dye in 
7% acetic acid. The excess dye was removed by rinsing the gel in 2% 


acetic acid then washing overnight in 7% acetic acid. 


3. Enzyme Assays: 
i) Peroxidase and Polyphenoloxidase 
Electrophoretic gels were also tested with the following 
specific dyes to determine the presence of individual enzymes: 
A) Peroxidases with (a) 1 percent pyrogallol in 4 percent 
hydrogen peroxide. 
(b) 0.5 percent benzidine dihydrochloride 
dissolved in a solution of 100ml of 
7 percent acetic acid containing 16g of 
sodium acetate (tri-hydrate) and 
saturated with versene (EDTA). 
B) Polyphenoloxidase with 0.1 percent dihydroxyphenylalanine in 


0.05M phosphate buffer at pH 6.0 (Macko et al., 1967). 
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Protein determinations were carried out on all of the filtered 
exudates used in the following enzyme assays, in order that specific activities 
could be determined (expressed in units of enzyme activity per mg protein, 
when desired. ) 

ii) Pectolytic and Cellulolytic Activities 

Pectolytic and cellulolyvic activies of the filtered 
exudate were determined by the viscometric technique of Kelman and 
Cowling (1965). A 0.25 percent carboxymethyl cellulose (Hercules 
Inc. CMC-70) solution in 0.05M citrate buffer at pH 5.5 was used as 
the substrate to determine the cellulase activity. A 0.25 percent 
sodium polypectate solution in 0.05M sodium citrate buffer at pH 5.5 
was used to determine pectolytic activity. A Cannon-Manning semi- 
micro viscometer (numbered 199 A883) with a charge capacity of 0.55 
ml was used and all assays were carried out at 30°. 

In the viscometric assays, 0.9 ml of the substrate was added 
to the viscometer and allowed to equilibrate to 30°. Exudate of 0.1 ml 
was then added and the change in viscosity recorded as a change in 
running time in seconds. Autoclaved exudate plus substrate was used 
as control. 

iii) 8-Glucosidase 

8-Glucosidase activity was determined by the method of 
Cohen et al. (1951). Filtered exudate was used directly; the con- 
trol was autoclaved exudate plus substrate alone. This method is 
based on the release of 6-bromo-2-naphthol from 6-bromo-2-naphthol - 
B-D-glucopyranoside by B-D-glucosidase and the formation of a colour 
complex with tetrazotized diorthoanisidine. The colour was measured 


on a spectrophotometer at 540 nm. A standard curve using 6-bromo-2- 
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naphthol was prepared and the number of moles of substrate transformed 
was read directly from the curve. The specific activity of the 
enzyme was calculated, | 

iv) Protease 

Protease activity was determined by the procedure of 
May and Elliot (1968), using 1 percent casein (Hammerstens) in 0.1M 
Sorensen's buffer at pH 7.6. Incubation of the substrate was carried 
out at 35° and the reaction terminated by the addition of TCA. The 
tyrosine and tryptophan released by the action of the enzyme was 
determined by the absorption of the supernatant solution at 280 nm. A 
unit of protease activity is defined as that amount of enzyme which 
produced an increase in absorbance at 280 nm of 0.05 in forty minutes 
CUO a. 
v) Ribonuclease 
RNase activity was determined by the method of Wilson 

(1963). The substrate (Sigma yeast RNA) was dissolved in a 0.125M 
cacodylic acid buffer at pH 5.0, and the reaction carried out at 37°. 
The hydrolysis of RNA by RNase releases split products which are not 
precipitated by the perchloric acid-uranyl acetate solution, and these 
split products are determined by spectrophotometric analysis of the 
Supernatant at 260 nm. A unit of RNase activity is defined as that 


amount of enzyme which produces an increase in absorbance at 260 nm 


of 0.1 in thirty minutes. 


The specific activity is defined as the number of enzyme 
units per mg protein where, by international agreement, 1.0 enzyme 
unit is defined as that amount of enzyme causing transformation of 
1.0 micromole of substrate per minute at 25°. 
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vi) Acid Phosphatase 
Acid phosphatase was seeenui ned by the method outlined 

in the Sigma Technical Bulletin No. 104 (1971), revised edition. 
Incubation of the substrate p-nitrophenylphosphate in 0.05M citrate 
buffer at pH 4.8 was carried out at 37°. The compound p-nitrophenyl- 
phosphate is colourless, but hydrolysis of the phosphate group by the 
enzyme liberates p-nitrophenol which produces a colour that can be 
read directly at 400 nm, 

A p-nitrophenol standard curve was prepared and the moles of 


substrate transformed were determined directly from the curve. 


4. Oxalic Acid 

Oxalic acid was determined by the method outlined by Beer et 
al. (1965). A 0.5 ml sample of filtered exudate was added to an 
twenty cm centrifuge tube and 0.4 ml of CaCl, (saturated solution in 
5 percent acetic acid) added. The mixture was mixed and allowed to 
stand overnight. The contents of the tube were centrifuged at 3000 x g 
for ten minutes and the supernatant discarded. The precipitate was 
washed three times with cold, 5 percent acetic acid-saturated calcium 
oxalate solution and centrifuged each time at 3000 x g for ten minutes. 
The supernatant was discarded each time. 

The sediment so obtained was dissolved in 1.0 ml of 4N H5S0) >» 
transferred quantitatively to a 50 ml beaker and heated to 90° on a 


steam bath. The hot solution was titrated to a faint pink end point 


with 0.02N KMn0,.. 


TRL Oc O02 KMn0 , = 0.9mg anhydrous oxalic acid. 
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5. Reducing Sugars 


The method used was that of Nelson 1944, as modified by 
Somogyi (1945). The solution to be tested was reacted with alkaline 
copper in a boiling water bath; then, the reduced copper was determined 
by the addition of arsenomolybdate chromogenic reagent which produced a blue 
colour with the reduced copper. Quantitative estimation of the colour 
was determined spectro-photometrically at 500 nm against a reagent blank. 


Glucose was.used to prepare a standard curve. 


Degradation of Plant Tissue 


ie Potato Disc Experiments 

The effect of the filtered exudate on potato was determined 
by estimating a) wet weight loss, b) dry weight loss, c) release of 
reducing sugars, and d) direct observation of the exudate-treated discs 
using the scanning electron microscope. Twenty potato discs, 10 mm in 
diameter and 200u thick, were cut from the central portion of potato 
tubers using a cork borer and a hand microtome. The discs were thoroughly 
washed in three changes of tap ae and the washed discs placed in a 
15 cm test tube with 0.5 ml of citrate buffer at pH 5.5. Filtered 
exudate (0.1 ml) was added and the mixture gently agitated on a Burrell 
wrist action shaker for various time intervals. 

In experiments designed to determine the wet weight loss, the 
discs were washed three times, blotted on a paper towel to remove excess 
surface water, and the weight recorded. They were then incubated with 
the exudate-buffer mixture, for various time intervals (Fig. 37), 


removed, washed as described, and the weights recorded again. 
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After the wet weights were taken, the discs were then dried 
overnight at 95° ina forced draft oven and reweighed. 

Both a buffer control and autoclaved exudate were run for com- 
parisons. 

Quantitative determination of the reducing sugars released 
during tissue degradation experiments was carried out by analysis of 
the supernatant liquid as follows: the buffer solution in which the 
discs had been incubating was drawn into a 1 ml tuberculin syringe 
and filtered through a 0.45 u millipore filter. This filtered solu- 


tion was tested for total reducing sugars by the method described above. 


2. Effect of Exudate on Live Tissues 

The capacity of harvested exudate to react on live tissue 
was tested in tomato stems, tomato fruit (both field and greenhouse 
grown), and in field grown sunflowers. The tomato varieties used were 
Earliana and North Star. The variety of sunflower used was Giant 
Russian. Tomato stem injections were made on young seedlings approx- 
imately 30-40 cm in height, while the age of the fruit used varied and 
was designated as ripe (red) or unripened (green). The sunflowers 
used, were at the stage just prior to the heads opening. 

A Stylet 1 cc tuberculin syringe with a #25/ 5/8 needle was 
used. The tomato stems were injected centrally into the pith, in the 
central region of the node above the lower leaves, by angling the 
needle into the stem. Tomato fruits were injected into the blossom 
end, about 5 mm off centre and the needle was inserted approximately 


1 cm into the core of the fruit. 
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Injections into the sunflower head weremade into the pith area 
from the underside of the head and several injections were made into 
each head. 

The results were recorded at various time intervals by photo- 


graphing the affected tissue. 


Thin Layer Chromatography 


Samples were prepared for thin layer chromatography by ultra- 
filtration on a Millipore 13 mm, stirred, ultrafiltration cell under a 
nitrogen pressure of 60 psi. Pellicon membrane filters PSJM, PSED, and 
PSAC were used. They represent molecular weight cut-offs of 100,000, 
25,000 and 1,000 respectively. The 1,000 membrane, PSAC, gave suffi- 
cient clean-up for clean TLC runs. The exudate was collected in the 
normal manner (for potato-disc experiments, the supernatant fluid was 
withdrawn by syringe), and in each case, added to the filtration cell 
and run through the three filter sizes in sequence. Filtration re- 
quired approximately one hour for each run. 

The filtered material was immediately spotted on 20 x 20 cm 
plates and coated with silica gel G in 0.1 M boric acid (50% W/V). 

The silica gel was coated on the plates to a thickness of 0.25 mm using 
a Quickfit automatic plate leveler with an adjustable spreader. The 
plates were dried overnight at room temperature. 

Two solvent systems were used: 1) n-propanol-ethyl acetate- 
water 7:1:2, 2) acetone-formic acid-ethanol (95%) 3:1:1. The first 
solvent system was run 4 1/2 hours and the second 1 1/2 hours. De- 
velopment was carried out in glass tanks, presaturated with the solvent 


system in use. 
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Detection of the sugars was carried out with the fol lowing 
Stain: 4 percent ethanol-aniline, 4 percent ethanolic diphenylamine, 
85 percent phosphoric acid - 5:5:1. After Spraying, development of 
the colour was accomplished by drying the plates at 120° for twenty 


to thirty minutes. 


scanning Electron Microscopy 


The breakdown of potato tissue by exudate solution suggested 
the possible destruction of the cell wall of the individual cells of 
the potato discs used. The procedure used for examining the cell 
wall surface was,as follows. The discs were washed as previously de- 
scribed. They were Pema ieKced in 3 percent glutaraldehyde in 
phosphate buffer, 0.02 M, pH 7.4, for three hours at room temperature. 
The specimens were then washed with three successive washings of tap 
water, placed in 3 percent osmium tetroxide in 0.1 M phosphate buffer, 
pH 7.4, overnight. After three, thirty minute rinses with tap 
water, the discs were dehydrated as follows. Equal amounts of tap 
water and absolute ethanol (99.8%) were added to the specimen vials. 
For the next three changes of alcohol, 3/4 of the liquid in the vial 
was removed and replaced by absolute ethanol. The final dehydration 
was in absolute ethanol. The discs were kept in each alcohol solution 
for thirty minutes. | 

The discs were then placed in 75 percent amyl acetate in 
absolute ethanol and left overnight. 

For scanning, the discs were critical-point dried using liquid 
carbon dioxide in a DCP-1 critical-point drying apparatus (Denton 


Vacuum Inc.), attached to an aluminum stub with silver dag, and the 


aes 
*6 hata ae sontiaae » oF 
fap agt “OST i8 ae sao 


¢ 


> ~ 
tla ak: 
2S vi ——— ae 
~- ¥/ 


bateaany, iealbiae od EDUKS, ye sugars o wai dy a ere 
79.2) tS9 ek ONS 0: rT aw ftesvend 70, ne tae a 
6. ope’ ontatnake’ ‘et bs au | ovbtipobg onl peas 2 o 
“eb Vizwivsig 26 badeey anaW 2s iy ent,” digi te eh es 
ob sivrieblecy stite tnsossG) Dont Bee sim ie ae, 
TI Heist (Me Sar euOd Salim 10t ae i$ Aa; aM 56,0 
aed. to epnbd2sw oytztossue seve aM, aay mit ie 
139710 steidaonig Hf, 0 a abixorted: mnstnies an 378 1G. mA ) 
ask Attw esanty satintm Palas seb aa By sani 
ist.79 ‘sdnpoins Teup3 EMT Tet, 25 botanaytab: TaN. Jag 
‘2aty naeragde: ane eP bathe abs) Cue, ge} Soqanee, effet 4 
hetv ors at tain! ads +i5 NE intents, yb iat senda! 
not seabydeb fait Say. Topas shut cede bd nae aan all inary 


nothutde Lomests: joe cig ee is hee rhe pet | 


a 
in ahs all 
i — 

a Re 
eeu ; ( ; 

eL - og : a 
oh a >>, 
» 


‘ptupti oan bee ing tt 9 : 
j a pe30) 798s fieiehigt ray 


. 8a ‘Sane er. favre rat wt a img ot 


disc coated with carbon and then gold on a rotary stage in an Edwards 
vacuum coating unit, Model E12E. Total thickness of the coating was 
about 250 A. The discs were examined with a Cambridge steroscan scanning 


electron microscope S4 at 20K volts. 
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CHAPTER III 


RESULTS AND DISCUSSION 


Exudation 

| Maturing colonies of Fusarium culmorum exhibit three distinct 
growth zones which are designated as A, B, C, in Figure 5b. . Zone A, 
located closest to the point of inoculum, is the major region of spore 
production and the hyphae of this zone vary in morphology (Fig. 6). 
Some of these are older hyphae, which are associated with surface growth; 
they are thick-walled and highly septate,and in their growth, tend 
to radiate out toward the colony front with only a few lateral branches. 
They can be followed for considerable distances without major inter- 
uption when observed microscopically. These thick hyphae are sometimes 
highly pigmented with the red pigment rubofusarin (Ashley et al., 1937) 
which characteristically stains the agar medium a deep red in this - 
species. 

| Another type of hyphae in this zone are thin strands with 
relatively few septa and no pigmentation. These hyphal strands tend 
to be aerial, are highly branched, and grow in all directions forming 
an interconnected mat of mycelium (Fig. 6) rather than a radiating 
pattern. 

The third type are rhizomorph-like strands of hyphae (Fig. 6) 

which are held together by an undefined material, which will be dis- 


cussed in more detail later. 
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Macroconidia are abundant in this zone while microconidia are 
absent. The macroconidia are produced from the phialides on conidio- 
phores which are initially generated on aerial mycelium, and eventually 
large, black sporodochia are formed. These findings are as those 
described by Booth (1971) for the sporulation pattern of Fusarium 
culmorum (W. G. Smith) Sacc. 

Zone B (Fig. 5b) is a transition zone between zones A and C. 
This zone is also pigmented but with the gold pigment aurofusarin, 
which is closely related chemically to the rubofusarin found in zone 
A (Ashley et al., 1937). As the colony continues to age, this gold 
pigment gives way to a deep red colouration in the colony,and the 
change is likely related to a change in the chemical environment with- 
in the staling medium and hyphae. This zone also contains a variety 
of hyphae contained within zone A, but with relatively more of the 
thin aerial type being present. There is considerably less cnoriies 
tion in this zone but the macrospores are generated in the same manner 
as described above, although there are no sporodochia present. 

Zone C is the most active and uniform zone in relation to hyphal 
extension. pean: the front of the colony, it is associated closely with 
active growth, cell wall synthesis, branching, and nuclear division. 
This is the region of droplet formation. It consists mainly Ofeachine 
uniform, aerial mycelium, but also has considerable surface and sub- 
merged growth at the very periphery of the zone. There is no pigmenta- 
tion evident here. 

With the particular experimental conditions used for determina- 
tion of droplet distribution, zones B and C always appear relatively 


narrow in comparison to zone A. The linear ratio is: zone A:B:C = 
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5:1:1 approximately, whereas by area, the ratios would be approximately 
2.5:1:1. By visual observation of the colony growth, it can be con- 
cluded that these ratios remain relatively constant throughout the 
constant growth phase (48 to 96 hours). 

After inoculation, the following events occur. For some time 
(approximately 24 hours), the colony consists of only a typical non- 
Pranented C zone which contains very few thick hyphae and no rhizo- 
morph-like strands. This could be considered the lag phase or estab- 
lishment period for the inoculum and is actually a colony consisting 
of only C zone. Sometime, between 24 hours and 48 hours, pigmentation 
occurs around the inoculum and then, as the colony develops, zones A 
and B develop. At this stage, a developing colony consists of three 
zones: a new C zone constantly being regenerated at the periphery as 
hyphal extension occur; a B zone, which is transitional and shows early 
Signs of aging such as pigmentation and hyphal differentiation; and an 
A zone in which aging is advanced and masses of spores and sporodochia 
formation are obvious. 

Figure 5a shows that droplet formation and distribution are 
interrelated to colony growth. At 48 hours, the peak droplet distribu- 
tion occurs 8-10 mm from the point of inoculation; at 7/2 hours, this 
peak has shifted with the droplet concentration, now highest at 19-21] 
mn from the point of inoculation; and at 92-hours, has shifted again, 
with the droplets now concentrated at the 30-34 mm point. In each 
case, the zone containing the droplets, represented by peaks on the 
graph (Fig. 5a), disappears in time; and the area of the colony repre- 
- sented by that peak becomes devoid of droplets and transformed into a 


more advanced state of maturation (Figs. 8a-d). The fate of the drop- 
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FIGURE 5a 


The number of droplets at various distances from the point of 
inoculation with F. culmorum. Counts were made at 48, 72, and 92 
hours and the peaks on the graph indicate a concentration of droplets 
at the colony periphery at these respective times. Curve a = 48 hours; 


b = 72 hours; c = 92 hours, 


FIGURE 5b 


A colony of F. culmorum illustrating the droplet zone "C" and 


the two pigmented zones "A" and "B". 
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lets as maturation advances is explained in more detail below. 


Droplet Characteristics 

Aerial droplets in a given region may exist in various stages 
of development. Initially, they are generated at or near the hyphal 
tip (Fig. 7), and at this stage, they are watery in appearance and 
completely hyaline. Observation shows that they may appear in groups 
within a specific area of the colony or in bead-like fashion on a 
single hyphal strand (Fig. 8). These are not swellings on the hyphal 
wall as they seem to appear, but rather liquid drops resulting from 
tip growth continuing as droplet formation continues to occur. 

Observation of surface growth shows that the growing hyphae 
in contact with the surface are surrounded by liquid (Fig. 9). A 
scanning micrograph of hyphae grown on a cellulose membrane (Fig. 10) 
shows a residue associated with the hyphal strands left behind after 
the hyphal-liquid is dehydrated. This can be interpreted as liquid 
generated by the same mechanism, but dispersed by surface tension as 
a result of physical contact of the hyphae with the solid agar sur- 
face. Solubilization of the agar occurs from the interaction of the 
agar with fungal exudate. A scanning micrograph (Fig. 11) shows 
surface hyphae of F. culmorum produce distinct channels in the agar 
which are about twice the diameter of the hyphae. Presumably, under 
these growing conditions, the hyphae are generating liquid which is 
hydrolytic and which enables them to penetrate the substrate. Both 


these examples give evidence to support the secretion principle. 
One of the more noticeable characteristics of droplets in 


early stages of formation is that liquid is drawn back into a hypha 
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FIGURE 6 


F. culmorum surface mycelia in zone "A" showing the variety 
of hyphal types in this zone. T = thicker hyphae (note distinct septa). 
t = thinner hyphae in the same area. R = rhizomorph-like strands 


characteristic of the "A" zone. 


FIGURE 7 


A single transparent droplet surrounding the hypha at the tip on 


a colony of F. culmorum. 


FIGURE 8 


Time sequence over 140 hours of one area of a colony of F. 
culmorum. (a) An area within the "A" zone approximately 48 hours after 
inoculation. At this time the droplets (C) have accumulated in a group 
and are still in the early transparent stage. (b) Droplets have become 
granular (G) at 96 hours. (c) Hyphae are grouped together and macro- 
conidia (S) are visible (120 hours). (d) A more advanced state of 
development showing large numbers of conidia. Note: the arrows in 8c 


and 8d show conidia have formed where a droplet had been just a few 


hours before. 
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RIGURE seg 


A surface photo of the hyphal tip area of a 6-7 day old 
F. culmorum colony showing liquid surrounding the hyphae in contact 


with the surface (large arrow). The small arrow indicates the hypha. 


FIGURE 10 


A scanning electron micrograph of a hyphal tip of E, culmorum 


showing a residue surrounding the tip (arrow). 


FIGURE 11 


A F. culmorum hyphal strand growing out of the PDA agar 
surface. These two pictures are a stereo-pair, and when observed throu 
stereo glasses the area indicated by the arrow shows a trench in the 


agar under the hyphal strand. 


5/7 


58 


and then re-exuded (Figs. 12a-c). In this sequence, it is removal of 
the petri plate lid which allows reappearance of the droplet, within 
seconds» at precisely the same point on the hypha. Relative humidity is 
probably the controlling factor, although excessively high moisture 
is not a prerequisite. Growing colonies under normal room humidity 
produce numerous droplets; and those a.sociated with the older portions 
of the colony tend to dry after removal of the petri plate lid, leaving 
a granular residue on the surface of the hyphae. The phenomenon of 
reabsorption and re-exudation occurs only with very young droplets and 
near the hyphal tip. The mechanism by which this occurs is unknown. 
Frequently, hyphal strands in the presence of droplets may be 
drawn together (Figs. 6, 14) to produce thick, multi-hyphal strands 
characteristic of mature areas of the colony. The force required may 
be supplied by surface tension between the droplets and the hyphae. 
Figures 13a-c show this proces occurring between two strands, and 
once the attraction is initiated, the strands come together very rapid- 
ly. The material binding the strands together is presumably the mucila- 
’ genous residue remaining during and after the water is dissipated. 
When this occurs in the actively growing C zone, very little residue 
remains after the water is eliminated. In more mature areas of the 
colony, where the liquid involved is more viscous and opaque, many 
strands become involved in this fusion phenomenon. Washing the strands 
with lactophenol cotton blue shows that these thickened strands are a 
conglomerate of many hyphae (Fig. 6). This type of hyphal aggregation 


was described as early as 1889 by DeBary. 
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FIGURE 12 


Absorption and re-exudation of a droplet on a colony of E. 
culmorum. (a) A droplet in the transparent stage. (b) 30 seconds 
after removal of the petri dish lid the droplet has been reabsorbed. 
(c) 45 seconds after removal of the lid. (¢} 75 seconds after the lid 


was replaced the liquid has been re-exuded, 


FIGURE 13 
This sequence shows the fusion of hyphal strands on a colony 
of F. culmorum. Arrow 1 (13a) and arrow 2 (13b) show fusion at one 
point while arrow 2 (13b and arrow 2 (13c) show fusion at a second 


DONE. 


FIGURE 14 
Hyphal grouping on a colony of F. culmorum and the distinctly 


Opaque liquid associated with it. 


FIGURE 15 


F. culmorum macroconidia within a liquid drop, 


FIGURE 16 
A group of F. culmorum conidia released from a droplet which 


has touched the agar surface (arrow). An intact droplet can be seen 


above the agar surface. 
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Spore Formation 

It is common to observe macroconidia within these hyphal drop- 
lets behind the leading edge of the colony (in zone A) during the 
maturation stages of colony development (Fig. 15). In experiments 
using 1/10 or 1/100 nutrient concentrations, the association of macro- 
conidia formation was easily correlatec with droplet formation. Ob- 
servation of the growing colony indicated specific areas of heavy 
droplet formation and other areas with equal hyphal growth, but no 
droplets. A time study showed that macroconidia production occurred in 
the areas of heavy droplet formation (Figs. 8a-c). Further observation 
has shown that the production of macroconidia is always preceded py 
the presence of liquid drops in the areas of the spore masses, at some 
time prior to spore production. 

The formation of droplets at the stage shown in Figure 15 (on 
PDA) is the earliest that macrospores are detected and as these spores 
continue to accumulate within the droplet, the droplet may be weighed 
down and the liquid dispersed on the agar surface (Fig. 16). Although 
the continuity of the droplet is lost when this happens, the influence 
of the liquid remains and production of macroconidia in the region 
continues (Figs. 17, 18). The association of conidia production with 
the liquid, suggests that a chemical and/or physical stimulus is 
necessary for normal spore production and is supplied by the droplet 
and its contents. The chemical nature of the stimulus is not known, 
but it appears to become active during the time that pigmentation is 
initiated. Older, pigmented agar with most of the mycelium removed, 
was extracted with distilled water; the extract, after filter sterili- 


zation, was spotted on the surface of newly inoculated colonies. As 
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FIGURE 17 
A surface view of a F. culmorum colony growing on 


1/100 diluted medium and showing a mass of macroconidia (small 


arrow). The large arrow is a point of reference. 


FIGURE 18 


Same view as in Figure 17 but 24 hours later. Note the 


increased number of spores in the mass of macroconidia. 
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the mycelium grew over these spots, the colony, at that point, became 
pigmented and spores formed (in other words, the area became character- 
istic of a B zone and progressed into the A zone state from this). The 
surrounding mycelia outside the influence of the drops, but of the same 
age, i.e. equidistance from the point of inoculation, showed no signs 
of premature aging but rather, aged normally. When this "uninfluenced" 
mycelium began the transition into a B zone state, the mycelial areas 
influenced by the drops were well into the A zone state and already had 
mature sporodochia present. The final result was a normal overall 
colony with isolated areas of very advanced aging, where the drops of 
extract had been deposited. Distilled water drops on the colony had 

no effect on aging. 

The sequence of development of a cluster of droplets over a 
five day period is shown in Figures 8a-d,and the same Figures show the 
time sequence of spore formation within the same region. Stage "a" is 
the early transparent stage with no spores present, "b" shows granulari- 
zation, evidenced by the opaqueness of the drops and strand formation, 
while "c" and "d" show sporulation. The spores can be seen on the sur- 
face of the agar. 

In older colonies, the mycelial mat is very thick due to second- 
ary growth, and pools of liquid rather than single drops are formed. 
These pools are covered with a "sac" similar to that described by 
Colotelo (1971) on the surface of sclerotial exudate from Sclerotinia 
sclerotiorum. The sac appears, in this case, to be thinner than that 
shown by Colotelo, but its presence does indicate that there is some 


material within the droplets capable of forming a surface film. 
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These pools or surface drops which are associated with older 
colonies, form beneath a thin network of hyphae (Fig. 19) and appear 
to be related to sporodochia formation. A cross section through a 
sporodochium (Fig. 20), can be directly compared with the surface drop 
on the surface of the colony, and arrow "a" in Figure 20 shows the top 
of a mature sporodochium. Arrow "b" (Fig. 19b) illustrates the network 
of hyphae which characteristically cover these drops and appear to 
"anchor" them to the agar surface "much like a rope net would anchor 
a gas balloon to the ground". Arrow "b" (Fig. 20) shows that this 
covering network of hyphae remains at the advanced stages of sporodoch- 
ium development and indicates that these are two different stages of 
the same process. Figure 21 is an enlargement of the interior of the 
sporodochium shown in Figure 20 and illustrates that the mature sporo- 
dochium consists of a mass of heavily pigmented macrospores. Figures 
19, 20 and 22 illustrate the stages from drop formation to a mature 
sporodochium; Figure 19 shows a very early stage with only a few spores 
present, while Figure 22 shows discrete concentrations of spores deep 
within a drop. As maturation continues, the drop changes from clear 
and colourless through shades of amber to a reddish-black; the colour 
change is related to the number and stage of development of the pigment- 
ed macrospres present in the drop. With increasing age, the liquid 
disappears, leaving a granular mass (Fig. 23). Flooding the colony 
with glycerol loosens these masses and releases the individual spores 
(Fig@a24))- 

So far, these observations reported on the maturation of a 
colony of F. culmorum on PDA and the related phenomenon of hyphal exuda- 


tion suggest a close relationship between the two. The detailed 
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FIGURE 19 
(a) Top view of a large drop amongst the secondary hyphae of 
an older colony of F. culmorum. Note the macroconidia within the — 
liquid near the surface of the drop. (b) Side view of the same drop- 
let (arrows "a" and "b" indicate areas of the droplet for comparison 


with Figure 20). 


FIGURE 20 
Transverse section of a sporodochium on F. culmorum. Note the 
structural similarity between the sporodochium and the drop in Figure 


19b. a = top of the drop; b = hyphal network. 


FIGURE 21 


An enlargement of Figure 20 showing macroconidia on F, culmorum, 


FIGURE 22 
Another stage in macroconidia formation on F, culmorum. Note 


the large mass of macroconidia contained within the drop. 


FIGURE 23 
The black shadowy images represent masses of conidia on the 


agar surface of a colony of F. culmorum which appear as a granular mass. 


FIGURE 24 
The granular mass on the F. culmorum colony shown in Figure 23 


was flooded with glycerol and the individual macroconidia released. 
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description presented here for F. culmorum represents what is a general 

occurrence of exudates on the growing hyphae of numerous fungi. During 

the preparation of this research, exudates have been observed, associated 
with the development of cultures of F. culmorum, F. caeruleum, F. 


—_— ee ee eee ee 


Sambucinum, Sclerotinia sclerotiorum, Sclerotium rolfsii, Pythium ulti- 


mum, as well as F. culmorum growing on potato and tomato, S. sclerotior- 


um on sunflower, tomato and carrot. 

The general occurrences of these exudates, their apparent influ- 
ence in sporulation in the case of F, culmorum, and the fact that not 
only are there solid materials remaining after removal of the liquid, 
but also, the presence of the droplets in cases of parasitism, all 
naturally lead to an investigation of the biochemical composition of 
the liquid being exuded from the hyphae, for the purpose of relating 


the contents to the physiology of pathogenesis. 


The Biochemical Complexity of the Exudate 


For collection of the exudate, the fungus was inoculated and 
grown on dialysing neneranes as described under Material and Methods. 
This resulted in a growth sequence slightly different than previously 
described; the advantage to this was stimulation of more aerial growth 
and delayed pigment formation, which broadened the "C" zone, to the 
extent that after twenty-four hours, it was about 1 cm in radius with 
no pigmentation visible. 

Removal of mycelium for the purpose of collecting exudate for 
a twenty-four hour analysis invariably resulted in the collection of 
much surface liquid. It was assumed that this liquid was identical 


to that associated with the aerial hyphae, with the exception that it 
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had been in contact with thé substrate. For forty hour collections, 
the colony consisted of mainly aerial mycelium which could be collected 
without removal of any surface mycelium. At this stage, pigmentation 
is just beginning to show and the entire "C" zone is easily harvested 
with no visual disturbance of the surface mat. From sixty hours and 


up, colonies were pigmented and secondary growth was present. 


Protein Determinations 

As is characteristic of biological systems, a large number of 
proteins might be expected in the exudate, especially if enzyme activity 
is suspected, and since significant amounts of residual protein are 
found in plant cell walls. The presence of protein as an integral part 
of fungal cell walls is less well established, although it has been 
detected (Aronson and Machlis, 1959; Bartnicki-Garcia and Nickerson, 
1962; Crook and Johnston, 1962); but, in relation to enzyme protein, 
structural cell wall protein would be a minor component of the exudate. 

A total protein determination was carried out on all exudate runs 
gathered at various colony ages for use in enzyme assays, and for 
gel electophoresis analyses. Figure 25 gives a plot of the 
average values (four separate determinations done in triplicate) and 
illustrates the consistent profile for protein content in the exudate 
collected from these colonies. Much of the variation shown in the 
standard deviation bars represents variation between runs rather than 
variation within runs. For example: the low initial value at twenty 
hours, the increase in protein roncenthation to a maximum at sixty to 
ninety hours, and a decrease after ninety hours represents a general 


rule. The large standard deviation at ninety hours (upper curve, Fig. 
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25) results from a low value of 14, and a high value of 25.6 mg/ml, but 
Figure 26 shows that the pattern for each of these runs is characteris- 
tic of the average profile shown in Figure 25. (The results for all 
runs are recorded individually in Appendix A.) 

Variation between runs may be explained as variations in the 
medium, the inoculum, and in the source of the membrane material used. 
The time interval between inoculation and initiation of linear growth, 
for example, may vary enormously depending on the type of inoculum or 
nature of the medium (Mandels, 1955; Page, 1961). There appear to be 
two groupings for total protein, one with a higher maximum than the 
other (Appendix A, page ). The curves in Figure 26 are representa- 
tive of the two groups. The abrupt shift to generally higher protein 
values for all ages of exudate coincides with a change in media from 
PDA-D to PDA (see Materials and Methods for explanation). Variations 
were also noticed when the dialysing membrane supplier was changed. 
Here, the explanation may lie in the fact that there are differences 
in the membrane thickness. 

The total protein in mycelial extracts is relatively constant 
for the differently aged colonies from which they were taken (Fig. 27). 
This suggests a rather constant enzyme pool within the cellular cyto- 
plasm of an actively growing and maturing colony. Figures 28a, b and c 
show the protein profiles on acrylamide gels for both exudate and 
mycelial extract. (Extracts were made of the same mycelium used for 
exudate collection and duplicate runs were carried out to confirm the 
results reported.) 

There are ; number of protein bands present in the gels and the 


pattern resulting from each colony age differs, indicating a dynamic 
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RIGURE 25 


Protein content of the exudate from F. culmorum colonies 
at various colony ages. The curves shown represent a general trend 
and the large standard deviation is discussed in the text. The lower 
curve represents a plot of the mean values for Bae from hyphae 
grown on PDA-D. The upper curve represents a plot of the mean values 
for exudate from mycelium grown on PDA. (Standard deviation bars 


are shown). 
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FIGURE 26 


Protein content of the exudate from mycelium of 
F. culmorum as determined by the Lowry method. Two 


independent runs are shown. 
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FIGURE 27 


Protein content of extract from the mycelium of F, culmorum 


colonies of various ages. 
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FIGURE 28 


(a) Protein profiles on acrylamide gels for exudate and 
for extract of the mycelium from which the acide was collected 
Four different aged colonies were used. 

(b) A plot of the numbers of protein present at each 
Stage in (a); o mycelial extract, @e exudate. 

(c) Qualitative peroxidase and polyphenol. oxidase 
determinations by Bepy amide gel electrophoresis for both exudate 
and extracts of the mycelium from which the exudate was collected. 
The peroxidase gels show two strips. The upper was stained with 


benzidine hydrochloride, and the lower with pyrogallol. 
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aspect to the contents of the exudate. Of most significance are the 
differences between the exudate profile and the extract profile. A com- 
parison of the two shows both qualitative and quantitative differences. 
Figure 28b illustrates a decrease in the number of bands associated with 
the exudate at sixty hours, a time when the colony has almost overgrown 
the plate. This is also the time when staling products have begun to 
build up at the colony front and on a normal growth curve, would repre- 
sent a negative growth acceleration phase. 

When electrophorisis patterns are obtained from colonies over 
110 hours old, a decrease in the number of bands is observed, even for 
the hyphal extracts, which indicates an extreme deterioration of the 
system. 

Some acrylamide gels were stained specifically for polyphenol 
oxidase and peroxidase (Fig. 28) and the major conclusions from these 
tests are that there are enzymes present in the exudate and that they 
are not common respiratory enzymes, but enzymes which may be associated 
with tissue degradation. The polyphenol oxidase and peroxidase enzymes 
may be involved in electron transfer, although this has not been shown 
conclusively for fungi. Despite their function within the fungus, the 
presence of these components within the exudate offers possibilities 


for interaction with host phenolics. 


Quantitative Enzyme Assays 


The hypothesis that has been made is that the hyphal exudates 
are of physiological importance and may have influence in the process of 
pathogenesis. To confirm this latter point, two things were considered: 


i) whichspecific enzymes are present in the exudate that may aid in 
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FIGURE 29 


A schematic equation for the breakdown of cell walls by a 


fungal pathogen. 
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establishment of the pathogen; 
ii) does the exudate have any in vivo effect on host tissue. In con- 
Sidering the first of these, the question becomes which enzymes are 
of significance. To answer this question, the illustration of tissue 
breakdown is shown in Figure 30. The enzymes indicated in this Figure 
were assayed. RNase, suggested by Berkenkamp (1973), to possibly play a 
role in helping pathogens establish themselves in host tissue, and acid 
phosphatase which is the classical marker enzyme for lysosomes, were 
also assayed. 

The oxalate content of the exudate was also determined, because 
‘oxalate was earlier implied to act synergistically with polygalactur- 
onase in host tissue infected with Sclerotium rolfsii (Bateman and 
Beer, 1965), and because it has been used in the extraction of pectic 
substances for some time. | 

The profiles for RNase, protease, 8-glucosidase and acid 
phosphatase (Figs. 30,31) indicate that these enzymes are induced, and 
that they reach maximum levels (with the exception of 8-glucosidase) at 
approximately ninety hours. These are all hydrolytic enzymes that 
may function in the process of autolysis, since they reach a maximum at 
a time when colony maturation occurs. Autolysis is usually brought 
about by substantial depletion of nutrients, or through inhibition of 
further development by the creation of an unfavourable growth environment 
due to the accummulation of metabolic products in concentrations inhibi- 
tory to the fungus. This is the condition which would exist at the stage 
of development of the colony from which these exudates are taken. Sub- 


sequent decline in enzyme concentration could be due to protease diges- 
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FIGURE 30 


Two separate determinations of the activity of RNase in 
exudates from F. culmorum colonies of different ages. The substrate 
used was a 0.4 mg/ml solutions of yeast RNA at pH 5.5. RNase 
activity is expressed as u/ml where lu= the amount of enzyme 


required to produce a change in 0.D. of O-1 at 260 nm. 
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FIGURE 31 


Enzyme activities in F. culmorum exudates from colonies of 
various ages. 

(a) Protease activity in units /ml. Substrate was 1% casein 
solution in Sorenens buffer at pH 7.6. One unit of enzyme is the 
amount of enzyme necessary to produce an 0.D. change of 0.05 at 280 nm. 

(b) Acid phosphatase activity in units/ml. The substrate 
was p-nitrophenyl phosphate in 0.05M citrate buffer at pH 4.8. One 
unit of enzyme activity is equivalent to the asieeee of 1uM of 
phosphate / min. 

(c) Relative 8-glucosidase activity determined by the 
colour intensity at 540 nm resulting from the release of 6-bromo- 
2-naphthol from 6-bromo-2-naphthol-g-D-glucopyranoside and its 
complexing with tetrazotized diorthoanisidine. 

(d) Pectolytic (@) and cellulolytic (G) activities 
determined by the change in viscosity of a 0.25% solution of sodium 
polypectate in 0.05M sodium citrate at pH 5.5 and 0.25% carboxymethyl] 
cellulose in 0.05 M citrate buffer pH 5.5 respectively. The activity 


is relative to the viscosity of the above solutions treated with equal 


volumes of autoclaved exudate. 
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tion within the exudate, although storage of exudate from Fusarium 
culmorum over short periods of time did not result in a decrease in 
protein; storage of exudate from Sclerotinia sclerotiorum did not 
result in loss of enzyme activity (N. Colotelo, personal communication). 

B-Glucosidase did not show signs of decline at ninety hours as 
_ the previous enzyme did; but instead, indicated a continuing increase 
in activity within the exudate. According to Cochrane (1958), cello- 
biose is formed during the hydrolysis of cellulose which is substrate 
for B-glucosidase. Also, it is clear from Figure 3ld that cellulase 
activity remains relatively high for more prolonged periods; thus, 
the generation of substrate for the B-glucosidase could be expected. 

Viscosity changes of up to 50 percent were recorded for both 
sodium polypectate and carboxymethylcellulose solutions treated with 
filtered exudate. According to Wood (1968), "many factors other than 
ability to produce PE* and PG** may condition pathogenesis," so that 
the mere presence of certain hydrolytic enzymes in vitro is not 
sufficient to involve them in pathogenesis. It does however, indicate 
a potential for tissue disintegration. No attempt was made to deter- 
mine 'specific' pectin-decomposing enzymes, although it has been known 
for some time, that a number of such enzymes are involved in tissue 
disintegration. 

Calcium is an essential component of cell walls, and treatment 
of tissues with calcium reduces the rate at which the tissues are 


macerated by enzymes. Glasziou (1957) hypothesized that growth regulat- 


* PE = pectin methyl esterase 


iT 


** PG = polygalacturonase 
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ing substances affect cell wall structure by altering the extent to 
which pectinesterase is absorbed by the cell wall. His postulate 

states that higher concentration of growth substances reduces the absorp- 
tion of pectinesterase by the wall; thus, the pectic substances become 
less esterified and, in the presence of calcium, much firmer. By the 
Same reasoning, the removal of calcium should prevent the wall from 
becoming firmer, and the capacity of oxalic acid to tie up the Can’ 
which might be present,may be an important factor in the overall process 
of pathogenesis. 

The presence of oxalic acid in the exudates was determined 
during colony growth (Fig. 32). According to Foster (1949), oxalate 
will continue to accummulate as long as the organism is alive and has 
available carhohydrate. Under the growth conditions used in these 
experiments, this would be well into the eighty hour stage, yet Figure 
32 indicates a sharp drop in oxalate content of the exudate well before 
seventy-five hours. 

DeBary (1886) observed that the presence of calcium leads to 
more oxalate formation,and Robert (1911, 1912) reported that large 
amounts of calcium in the medium caused a 10-17 percent increase in 
the dry weight of Aspergillus niger, and that much of this increase was 
due to increased calcium oxalate deposits in the mycelium. This does 
offer an explanation for the disappearance of the oxalic acid, as 
it may be deposited in the mycelium. 

The role of oxalic acid in pathogenesis is still uncertain. 
Oxalic acid does have the capacity to extract pectic substances from 
the cell wall; Bateman and Beer (1965) have suggested a synergistic 


action for oxalic acid and polygalacturonase. However, injections of 
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FIGURE 32 


Oxalate content of exudates from colonies of 
F. culmorum of various ages. Oxalates were precipitated from 
solution using Gar ions, removed by filtration, redissolved and 
determined by titration with KMnO, . One ml. of 0.02N KMn0O, is 
equivalent to 0.9 mg of anhydrous oxalic acid. 


Each curve represents a different experimental series. 
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several oxalates and oxalic acid into green tomato fruit during this 
research, showed no visible damage to the tissue other than a very 


Slight water-soaked appearance. 


Tissue Degradation 


The potential for tissue destruction by exudate has been shown 
in the previous section, but to demonstrate this capacity in situ,whole 
tissue was used. In these experiments, the response was very rapid,and 
the destruction of tissue extensive and non-specific. Figures 33a-f 
illustrate the damage which occurs to stem tissue of ninety-day-old 
tomato plants after seventy-two hours exposure to exudate. Although 
there was extensive damage to the pith region (the region into which 
the exudate was injected), the growing plants appeared healthy with no 
Sign of wilt symptoms. There was no visible damage to the vascular 
tissue. The control, Figures 33e, f, shows negligible, visible, mech- 
anical damage due to insertion of the needle and, Figures 33c, d show 
an intermediate amount of tissue damage resulting from injection of the 
autoclaved exudate. 

The fruit of the tomato was also injected with exudate and the 
resultant damage recorded on film. There was variation in these results 
depending on whether injections were made into unripened (green) or 
ripened (red) tomatoes. The tissue of green tomatoes is completely 
disintegrated after forty-eight hours leaving a large, dry hole in the 
fruit, a symptom which might be generally classified as “dry rot" 
(black arrow, Fig. 34a). Within this cavity, there are fibres which 
have resisted complete breakdown (white arrows, Fig. 34a). In time- 


study experiments, similar damage to the tissue was observed even after — 
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FIGURE 33 


Effects of exudate, collected from mycelium of F. culmorum 

colonies, injected into stems of tomato seedlings: 
. (a, b) exudate; (c, d) autoclaved exudate; and (e, f) 

distilled water. Arrows indicate the point of entry of the needle. 

Pictures a, c, and e are internal views of the injected 
areas and b, d, and f are exterior views. — 

In 33a (exudate), disintegration of the tissue is 
evidenced by a hole in the pith region and browning is evidentin. 
all the surrounding pith area. In 33c (autoclaved-exudate), browning 
is visible around the injection point and in the surrounding pith 


region. In 33e (distilled water control), browning is negligible. 
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only two hours. As with stem tissue, autoclaved exudate caused some 
water soaking, but not complete disintegration of the tissue (Fig. 34b), 
and damage to control was negligible (Fig. 34c). 

Injection of exudate into ripe tomatoes results in a completely 
different response (Fig. 35). Complete disintegration, which is char- 
acteristic of the response of green tomatoes does not occur. Instead, 
the tissues are transformed into a mass of discontinuous cells surround- 
ed by liquid, a condition known as maceration, and this same response 
is observed after injection of both green and red tomatoes with a sus- 
pension of F. culmorum spores. The difference in response likely re- 
flects a difference in the cell] wall structure of the two tissues 
involved. The fact that spore suspensions brought about soft rot symp- 
toms in both red and green fruit may be due to: 

1) stimulation of ripening of the tomato resulting frominjec- 
tion of the exudate; 

2) the time period for germination of spores and growth of 
mycelium allowed for ripening of the fruit before enzyme action began. 

Sugar determinations do show differences in the carbohydrate 
make-up of green and red tomatoes. The total reducing sugars extracted 
from red tomatoes were twice the content extracted from the green; TLC 
showed a difference in the relative amounts of glucose and fructose 
between extracts from green and red tomatoes. Wood (1968) states that 
some parasites which usually cause dry-rots,can cause lesions with soft- 
rot characteristics,when conditions in the host tissue are particularly 
suitable for growth of the parasite. One of the ways of transforming a 
dry rot into a soft rot is to increase the water content of the tissue. 


The water content of red tomatoes appears higher than the water content 
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FIGURE 34 


Effects of exudate collected from mycelium of 
F. culmorum colonies injected into green tomatoes: 

(a) Exudate. Note the hole (black arrow) and strands 
of fibrous material within the hole (white arrows). 

(b) Autoclaved exudate, in this case there is no 
disintegration of tissue, but there is an area (light circular 
zone at tip of arrow) of tissue browning. 

(c) Control injection (distilled water) shows no 


visible damage to the fruit. 


FIGURE 35 


Effects of exudate collected from mycelium of 
F. culmorum colonies injected into a ripe tomato. The response 
of injection of exudate into ripe tomatoes is different from 
injection into green (34a). There is no disintegration in this 


case but rather a maceration of tissues typical of soft rots. 
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of green tomatoes. Wood's postulate considers that the water content 
may regulate the rate of growth of the fungus; thus, "it appears that 
whether a soft rot or dry rot lesion develops in a plant tissue depends 
on how rapidly the parasite begins to secrete macerating enzymes under 
the prevailing conditions," (Wood, 1968). However, the enzyme complex 
used here for injection into red and gree; tomatoes was identical; 
therefore, it is concluded that in this case, the difference in response 
reflects a difference in the biochemical make-up of the host tissues. 

Primary wall is prevalent in younger tissue and the arrangement 
of the cellulose in primary wall is relatively unbound, so reversal of 
wall structure is generally possible at this stage. By comparing these 
conditions to the secondary wall, which is composed of closely packed 
microfibrils and has a permanent rigidity, it is easy to see the rela- 
tive ease with which the younger tissue is completely disintegrated. 
Enzyme attack of the secondary wall would tend to result in destruction 
of the middle lamella causing intercellular dissociation or maceration, 
but the cells would still maintain an intracellular cohesion. This 
does occur with older tissue. 

Sunflower tissue responded to exudate injections in a similar 
manner. Figure 36a, b shows a complete disintegration of tissue in the 
area of the injection; autoclaved exudate results in browning (Fig. 36c) 
and water soaking but no disintegration; distilled water has little 


Vicwpleserrect (Fig. 36d). 


During these disintegration experiments, it was noticed that 
exudates collected in the earlier stages (up to forty hours) produced 
a white flocculent precipitate upon autoclaving, and the precipitate 


was included in the autoclaved injections as a suspension. The pre- 


jnasno> vatew See ae ve meted ‘ ‘ Boow. 
saat eve gam Hi out’ er ae 46 oon seoise 


adm Zante pat enaacel wales Fe iesieed a ean 
‘ReheyAds SMTA ‘si! piendh ” \teeer eo) i. cools 

i nottedhh asu snadend ati ve bm ala ¢ 
a2nogaet fl nagratte add. sate atti af sand 
seit ‘Sait add: see as cm oe 


so Thaaven Be ‘tae asoutiatah at pig ees 
ae eee 
and Baty eeio? NA) “bese ahh ae niche 


Sanat) 6 ‘tseato tb bevaqnad 21 sii . 3 vn 3 BF t bab. Desi 
ste oa? & wee ae Make vo ph rR cm 2 Trt 
petergatinn 2th 4h epst Gia 2F agent vce ae | 
td ame sae Ai ffyzely ot Met: bf uct id ; " 
, na rpm ng sobtetsovero nis tsps Ba | 


aint jer hp(esahiad nt ne ; 


vente it con let tees a taken sts prtae  7e 
ar i auate sel seipaereth aeti a sbad2 4 pee ait? vat 6 
i ng ae aphiotend, nf artuewn “ad abuxe bavatootun, fot SSLAr, ads: Be 16 
stat ae! Hola hot Ftere ld wotdorpeint? th gn ded entagoe totew DAR) 
(eat .9F). gosta, sidtzhv* 

Tait eantaun caw it cet nant nobaevpsanterb peens enerue - 

basen ei no} oo 4p) saps? yatives at? at batesllog esdebuxs | 
Sie? rqiasyy oz DNs eatitye Tait, Wage aiediqrosd thatwooat? atifw & . 
oy silt noFensaee 5 an eevee? bovetaotua sit mt -bebutant 2em 


oes ant 

i] 
‘ i j ns 
a ae iwise - 


OLwebas a8 G 
ae + th bf bah ih 
* ie ane’ 


aM 


» 
> 


A; 


S 6 WRG 


(lett 


y 4 
cr 
we 

~ 
= 


> ; 

“i a re ape : 
v n A ‘ 

me ‘ am. a 4 


7” ‘ on q ‘ 
A Ta Au oN 
nos 2 ; uae My 
; Be agit " iy oul 
peoumiadiaia i ae er 4@eerhl se 
a ne 


‘ | \ 


; 


5 
f 
TT ; = 


FIGURE 36 


Effects of exudate, collected from mycelium of 
F. culmorum colonies, injected into sunflower heads. In each 
case the arrow head indicates the needle-entry scar: 

(a) Exudate injection causes complete disintegration 
of the tissue (note the spongy texture of this tissue). 

(b) A thin section through the area indicated by the 
arrow in (a) shows the extent of the hole formed. 

(c) Autoclaved exudate produces an area of tissue 
browning (small arrow). 

(d) Control (distilled water) causes negligible damage in 
the region of the injection (small arrow) and the tissue layers 


are relatively ordered compared to those in (c). 
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100 
cipitate visually resembled protein, but analysis of the autoclaved 
material showed that the filtrate had the same protein level as non- 
autoclaved exudate. Analysis did show a slight quantitative loss in 
reducing sugars after autoclaving. Separate injections of the superna- 
tant and the washed resuspended precipitate, demonstrated that the active 
component in the autoclaved sample is contained in the precipitate. 

When this precipitate was hydrolysed overnight in 2 N HCl at 
100°, then tested for reducing sugar and amino acid content, both were 
found to be present in significant amounts. It is felt that perhaps 
this precipitate is a glycoprotein, since glycoprotein has been detected 
in mycelial extracts of ground, fresh mycelium of Aspergillus fischeri 
(Gorcica et al., 1934), in association with yeast cell walls (Kom and 
Northcote, 1960) and in association with an enzyme system of Aspergillus 
niger (Zaborsky and Ogletree, 1974). A protein-lipo-polysaccharide 
complex has been implicated with fungal pathogenesis in relation to 
Verticillium wilt of cotton (Keen, Long and Erwine, 1972; Keen and Long, 
1972; Partridge and Zaki, 1972). 

The total reducing sugars in exudates collected from colonies 
of various ages was determined (Fig. 37). The concentration, initially 
relatively high, droppedoff rapidly as the colony overgrew the petri 
plate. The presence of sugars in hyphal exudates can be expected, 
based on the theory that these exudates are related to the lysosomal 
system and are found in the tip region, which is a region of very active 
wall synthesis. 


A qualitative analysis of the sugars present was carried out by 


thin layer chromatography and is reported in the section on "Specific 


Effects of Exudate on Potato Tissue’. 


ae 


uf bel ais eraee: 
a ww MN eee 


r sulthaveaed to mhtande deol Silane He's esocnsas Tote 


Ay i a ee ; ® 
{ ees we pie ol 
a f ra Ko ‘ v at aT a: ice ty = e ( Nae : « =i2 3 
| von ; i P Ae Sor - 
i 5 La " we ) — an Ta 
oi a vg 4 w we rTaaFrace . hy, Wh tNg ; (O82 i a4 » 
| ane “ > ion 7 oe a Meal % a 
| i ; . 7 ee “He Tt 
pos % : 
“ bia PLAS ay AwN SF ee 8 ae 7 
felon rit aiganenaeiten fap i thw apse ae naad Yara 7 


2 eek eee sich at aig aa 


edd war pia ses0Tog. oe a 


aon 
maa yy). a ke Uh 
ue ‘wid: %y Scie! slab 


ii Wy orl i aan ') 


favs! nts ame BA bat agonal 


NW 


A ox +35 ft fit, is a sang ed te bib: #{ 7 = 
: hig A hy mh oe i eh 
b Bas tn sal ta sti 
UM MEY vd hy VF 
- a ; eed 1 j eS by ; . aa . 7 : 
bagery nee ibs rbebascaquin,biateas al 
‘ea f rae ) arth iT; “a ; ; 
y A i 4 “ aD ie Mi a9 ef ™ 
lene Gat fer bapnhnd mi iyi nabs | bey gay se att 
wr Tay eo br sf ae ; i ' Hd im a ‘ee ve 
gr baigy a Petes cme i4oaatqtoara. array we 
eo . 
iin oe i Lier 
‘me y ‘ 7 ; > 
why rig, Te ee jy : UR ned ie - era , ey 
Tha tee : . vs hah ay <A 
mat A 4 ae | j i yt ; Ma ott 9 Pw ae ri ae uta? ad oh) oo 
i . 8 = _ 
eed: & avate cberenqdoyte 6 20 3 eet Tatan ae 


e i 
re 


ai 


, a ar x , 4 TUN 


enw 2 Os 1 ne ~y ie ix eee 
. _ ah Dar, J eae Utes a iy a 
Stet, antere ariel vies deibiee "0 id gu eee 
: ’ ! ie ; pre iv | cs 34, pay v2 a ys % an 
eta) ieee ce 9 la re 
Has POE i OR aes bits agente 
: roe j 7 ee ' PY 


hey y 


7 3) beaie rete pai cele 


7 | es 

ave ne Botee ett oe ' 

sdhiens tot start ui | 

<a: dean 08 2giabun : _redehe at cw satan # 
- 7 x aay 


_ he i 


: 


at Aptemveapt 


ai 


; o. nO! om 


a 
i | edaihiges 


ae i 
(ire 
a 


=_ 
as 
_ 
_ 
Tag 
eaten eaten a “eee 


mov? bataslloo eaictiuna rvague. PATSuos" Bs 
i 7 : 


ays’. | i 
a OG Na benisristes ze ¢5p4 evdiyiv To eshnoies fe wd 4 
’ + f j . 


Siew eieous ghtoubyi TetcT .tpttem oalstomtwwoelog 2 gare 


. : 
| ei | 

is evils Briabrst stdovlp & ine 2thelavidps wesley ae | 
i 


i 


: i fA) } . ; ; 
ie Q (deiene-ers 215d astistys ie 


> 
TG eS os 


. & ' | » og : “4 “ & st wy ih | 


(pu/ou) SUYONS ONIINGIA Wik 


ene ee ee eer a =o — >. — eI or a ey 
,' 
’ 
7 : 
f 
D 
1 . 


oY ELGURE «37 


Total reducing sugars in exudates collected from 
F. culmorum colonies of various ages as Heroamited by the 
Somogyi's colourimetric method. Total reducing sugars were 
determined as glucose equivalents from a glucose standard curve. 


(Standard deviation bars are shown). 
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Specific Effects of Exudate on Potato Tissue 


To relate previous findings to the disintegration of potato 
tissue, exudate was reacted directly with potato discs cut from the 
Storage tissue of raw tubers. The losses in both wet and dry weight 
were evaluated. A dry weight loss was recorded (Fig. 38), indicating 
removal of solid material from potato cells as a result of the action 
of both autoclaved and non-autoclaved exudate. The effect of buffer 
alone is negligible. However, wet weight determinations (Fig. 39) 
show a different response, in that only non-autoclaved exudate show a 
Significant weight loss. For a possible explanation, it is considered 
that the dry weight of potato tissue is approximately 20 percent of the 
total weight in the tuber; a 30 percent loss in dry weight constitutes 
approximately a 6-7 percent loss of total weight. This is in the range 
of the small amount of wet weight loss shown for autoclaved exudate 
(Fig. 39). Non-autoclaved exudate-treated tissue shows a 30 percent 
loss in wet weight and for a similar reason, only 1/3 of this is account 
ed for as loss in dry weight. The conclusion is that a large portion of 
the wet weight change, shown by non-autoclaved-exudate-treated discs, 
is due to an efflux of liquid from the cells, which may indicate an 
alteration in cell membrane permeability. An alteration of cell mem- 
brane permeability, in relation to pathogenesis, was discussed in this 
thesis in the section "Tissue Degradation" and may be a significant 
factor in the death of cells. 

Observation of the discs after treatment showed an obvious visi- 
ble difference between treatment with exudate and straight buffer. The 
exudate treated discs were thin, soapy to the touch and lacked rigidity 


(the latter property may be due to the efflux of liquid mentioned). The 
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FIGURE 38 


Effect of 0.1 ml of exudate from 60 hour colonies of 

F. culmorum on the dry weight of 20-disc potato samples incubated 
with 0.5 ml of citrate buffer, pH 5.5 and temperature 209. The 
dry weight of a 40 disc sample taken at 0 time = 100%. The 
three graphs represent three individual experiments carried out 
under equivalent experimental conditions. Discs were dried 
overnight at 95°, 

© = exudate 

Ge buffer control 

/\= autoclaved exudate 


Dashed lines represent extrapolation to zero time. 
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FIGURE 39 


Effect of 0.lml of exudate from 60-hour colonies of 

F. culmorum on the wet weight of 20-disc potato samples incubated 
with 0.5 ml. of citrate buffer, pH 5-5 and temperature 20°. The 
set weight of a 40-disc sample, taken at o time, = 100%. The 
three graphs represent three individual experiments carried out 
under equivalent experimental conditions. The wet weight was 
the weight of the discs after they were removed from solution and 
excess water blotted off between two paper towels. 

& = Exudate 

(© = Buffer 

V7 = Autoclaved exudate 


Dashed lines represent extrapolation to zero time. 
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discs treated with autoclaved exudate on the other hand, remained rigid 
and "wafer-like" , i.e. maintained their turgor as did the controls. 
A more detailed look at the alteration of potato cell wall as 
a result of exudate treatment was possible using the scanning electron 
microscope. Figure 40a-d shows a potato cell wall which has been ex- 
posed to exudate for various time intervals. This series of electron 
micrographs indicate that under the experimental conditions used: 
1) the cell wall is altered by exudate treatment ; 2) the action of the 
exudate is rapid and damage to the secondary wall matrix is extensive; 
and 3) the fibrils within the wall are resistant to the action of the 
enzymes involved. 

The unaltered cell wall (Fig. 40a is relatively smooth, and 
although ribbed, appears to be homogeneous. In comparison, many elec- 
tron micrographs of plant cell walls show the cell wall surface to be 
fibrous. This is true for the primary wall of parenchyma cells from 
onion bulbs (Robards, 1970), the secondary wall of mature vesicles in 
carrot cell walls (Steward, 1968), the primary walls of parenchyma 
tissue from wheat (Preston, 1964), and the parenchyma cells of Avena 
coleoptile (both inner and outer surfaces) (Wardrop, 1955, 1956). 
Generally, in isolation of cell walls, the cells are macerated and 
treated with 1N NaOH and IN HCI; the hydrolytic action would remove 
some of the hemicellulose and pectic material of the matrix and expose 
the underlying fibrils. The only treatment used on the cells shown in 
Figure 40a,b, other than the usual fixation procedure, was 1/2 hour in 
0.05M citrate buffer at pH 5.5. The fibrils in this case, are not 


visible until after the cell wall matrix has been removed by enzyme 


digestion. 
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FIGURE 40 


Scanning electron micrograph of potato tissue treated 
with exudate from a 48-hour colony of F. culmorum: 

(a) Cell wall of potato tissue incubated for 1 hour. 

20 Discs were incubated in 0.6 ml of 0.05 M citrate buffer, pH 5.5. 

(b) Buffer treatment (as in "a") for 24 hours. 

(c) Cell wall of potato tissue incubated 1 hour with 
exudate. 20 Discs were incubated in 0.1 ml exudate + 0.5 ml of 
0.05M citrate buffer, pH 5.5. 

(d) Potato cell wall which has been exudate treated 
for 5 hours (same conditions as in "c"). 

(e) Potato cell wall which has been exudate treated for 


24 hours (same conditions as in "c"). 
FIGURE 41 


Scanning electron micrograph of a section of potato 


tuber tissue with advanced dry rot symptoms. 
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Potato discs treated with autoclaved exudate do not show the 
dissolution of matrix material which is seen with non-autoclaved exu- 
date. 

From Figure 40c, it appears that approximately 25 percent of 
the matrix is removed from the surface layer in only one hour. The 
damage occurring after twenty-four hours does not appear to be much 
greater in relation to the surface area affected, but it may penetrate 
considerably deeper. The micrograph of tissue from potato infected 
with a Fusarium sp. and showing advanced dry rot symptoms (Fig. 41) 
does show similar random fibril arrangement to exudate-treated tissue 
(Fig. 42), but also indicates deeper and more complete removal of the 
matrix material. 

Exudate-treated discs are much less rigid than those treated 
with buffer. Figure 42 illustrates physical distortion of cells which 
occurs after treatment of the discs with exudate. The nature of this 
distortion suggests that the matrix is necessary to maintain the rigid- 
ity of the cell wall. 

A model for the structure of cellulose fibrils within the cell 
wall has been proposed by Robards (1970) (Fig. 43). The author states 
that in many cases, each microfibril may have only a single crystallite 
(micelle) and in that case, the diameter of a macrofibril would be in 
the range of 600-700A The 'macrofibril' in Figure 43 is approximate- 
ly 700A. Recognition of fibrils of polygalacturonic acid on the surface 
of cultured cells of several species (Leppard et al., 1971) indicates 
that cell wall fibrils can no longer be assumed to be only cellulose in 
nature. However, a comparison of the one hour and twenty-four hour 


exudate-treated discs (Figs. 40c,e) shows no visible difference in the 
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FIGURE 42 


Scanning electron micrographs of potato discs treated with 
from F. culmorum. 

(a) Surface view of a potato disc which has been suspended 
hour in 0.05M citrate buffer at pH 5,5. 

(b) Surface view of a potato disc which has been suspended 
hour in exudate solution (0.1 ml exudate + 0.5 ml of 0,05M 


buffer, ph 5.5). 
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FIGURE 43 


Schematic diagram showing the arrangement of cellulose 
in cell walls. This diagram shows how a complete cell wall 
is built up from the individual chains of cellulose. Each 
microfibril is shown to be comprised of about 6 micelles, but 
in many cases, each microfibril may have only a single 


crystallite (micelle). 


(From Robards, 1970) 
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structure of the fibres. This indicates that they are not attacked by 
the enzyme system of the exudate. Tissue from a potato specimen suf- 
fering from natural dry rot also shows little obvious breakdown of the 
exposed fibrils (Fig. 41). This may indicate that these fibrils are 
ceilulose. 

The cell wall materials released during exudate digestion were 
investigated qualitatively using thin-layer chromatography. A "finger- 
print" of the sugars in the exudate was first established to determine 
what sugars would be introduced into the system. The results of these 
TLC runs are shown in Figure 45. The sugar pattern indicates that 
the following are present: glucose, sucrose, trehalose, fructose and 
glucosamine. The shape and position of the “glucose spot" suggests 
that it may be a combination of sugars. Comparison of this “glucose 
spot” with the standards (Fig.46,47) suggests mannose is present. Mar- 
chant (1966) found galactose, glucose, mannose, arabinose and xylose 
in the conidial cell walls of F. culmorum as well as the amino sugar 
glucosamine. 

Quantitative data for total reducing sugars show a decrease in 
sugar content as the age of the colony from which the exudate was 
harvested increases, but the TLC profiles (Figs. 44, 45) show the same 
"fingerprint" for 40, 69 and 90 hour collections of the exudate. 

A one dimensional thin-layer chromatogram (Fig. 48) shows an 
increase in the amount of material released from the potato discs with 
time. There are a number of spots that appear, particularly below the 
fructose spot, aetet two hours of incubation in the presence of exu- 
date (Fig. 48). Two dimensional chromatograms of similar material 


show the presence of a spot corresponding to the galacturonic acid 
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FIGURE 44 


A one-dimensional thin-layer chromatogram run on 
exudate from 40-hour (right hand side of plate) and 65 hour 
(left hand side of plate) colonies of F. culmorum. In the 
centre is a run of a 0.3 mg/ml standard mixture of glucose, 
sucrose and fructose. The chromatogram was developed in n-propanol: 
ethyl acetate: water, 7:1:2 for 5% hours at 25° and stained with 
a 5:5:1 mixture of 4% ethanolaniline: 4% ethanolic diphenylamine: 
85% phosphoric acid. The origins (indicated by arrows) were 


spotted with 10 ul aliquots. 
FIGURE 45 


Sugar "fingerprints" of exudates from colonies of 
F. culmorum of various ages run on two-dimensional thin layer 
chromatograms. The first dimension was run and developed under the 
same conditions outlined in Figure 44. The second dimension was 
developed in acetone : formic acid : ethanol (95%), 3:1:1 for 1% 
hours. The origins in the lower right hand corner (indicated by 
a ©) were spotted with 10 ul. aliquots of a 1 i] m of exudate 

(a) Exudate collected from a 40-hour colony. 

(b) Exudate collected from a 69-hour colony. 

(c) Exudate collected from a 90-hour colony. 

The spots are numbered according to position and colour 


(see Figure 47). 
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FIGURE 46 


Two-dimensional thin layer chromatograms of the sugar 
standards. Standards were applied in the lower right hand 
corner of each plate at the point indicated by an 0. Experimental 
conditions were the same as in Figure 45. 

(a) Mixture of glucose (1); fructose (2); sucrose (3), 
and trehalose (4). 

(b) Mannose (7). B= blue 

(c) N-acetylglucosamine (6). Br = Brown 

(d) Galacturonic acid (5). LB = Light blue. 

Standard concentrations were Img/ml and they were 


applied undiluted. 
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FIGURE 47 


Composite diagram showing positions of standard 
sugars on the two-dimensional thin layer chromatograms shown in 


Figure 46. 
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FIGURE 48 


A one-dimensional thin layer chromatogram showing sugars 
found in the supernatant solution from potato discs treated with 
exudate from 92-hour F, culmorum colonies. The runs, from left 
to right, are: 

Blank (potato discs + buffer) after 1/2 hours, 

Blank (potato discs + buffer) after 24 hours, 

33-1, 1/2 (potato discs + exudate + buffer) after 1/2 hour. 

33-1, 2 3/4 (potato discs + exudate + buffer) after 2 3/4 hours. 

33-1, 24 (potato discs + exudate + buffer) after 24 hours. 
Experimental conditions for thin layer chromatography are the same 
as those in figure 44. Ten pl aliquots were spotted at the origin 


(see arrows). 


FIGURE 49 


Two-dimensional thin layer chromatogram showing the sugars 
found in the supernatant solution from potato discs treated with 
exudate from 42-hour F. culmorum colonies. Experimental conditions 
for thin layer chromatography are the same as those in Figure 45, 
Ten pl aliquots were spotted at the origin (small arrow), The large 
arrow indicates the position of a faint galacturonic acid spot. 

The spots are numbered according to position and colour (see Figure 


47). 
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standard (Fig. 49). This is a clear indication of the breakdown of 
pectic material and its release from the cell wall, and confirms the 


interpretations based upon the scanning electron micrographs. 
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CHAPTER IV 


GENERAL DISCUSSION 


The role of exudates in pathogenesis was the major concern of 
this research. First however, it was necessary to establish some 
basic concepts related to the process of exudation. The technique 
developed for collection of the exudate allows separation of the 
liquid from the nyceiian mass and independent evaluation of it. The 
approach is new, and introduces a system in which the biochemical 
parameters can be separated from the physiological parameters, at least 
as far as the pathogen is concerned. However, it is necessary to keep 
in mind that such a system is an artificial one and caution must be 
used when interpreting results. 

Experimentally, the system used here interacts fungal exudate 
with host tissue. By-passed are the penetration and infectivity stages, 
both of which are highly significant in the process of pathogenesis. 
However, the inter- and intracellular interaction between fungal patho- 
gen and host is initially one of exo-metabolite interaction (Barnett, 
1974; Curtis and Barnett, 1974) and the influence of fungal pathogen on 
host tissue is well in advance of the fungal pathogen. Thus, injection 
of exudate does parallel some segments of the process of pathogenesis, 
even though it is only one isolated part of the system. 

The general equation of pathogenesis (Fig. 29) indicates that 


pathogen-secreted polysaccharide-degrading enzymes play a fundamental 
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role in pathogenesis. Increased knowledge of the structures of the 
substrates of these enzymes, that is, the polysaccharides of plant 
cell walls, has advanced the concepts concerning their role in patho- 
genesis. Albersheim et al. (1975) has refuted the importance of cell 
wall composition of host in the induction of specific polysaccharide 
degrading enzymes by pathogens. He feels that similarities between 
cell walls of different plant species, and the fact that the walls of 
all plants are composed of the same ten or so monosaccharides, is 
evidence that the cell wall structure is not a significant influence 
in pathogenesis. He also suggests that polygalacturonase involvement 
in the degradation of cell walls is a general phenomenon independent 
of the particular host variety. 

A theme of this thesis has been that the process of exudation 
and thus, the contents of the exudate,are related to the normal func- 
tion of the fungal colony and therefore indenendent of the particular 
host. It follows that the presence of cell wall degrading enzymes 
allows the pathogen an advantage in a susceptible host so, that produc- 
tion of certain cell wall degrading ene ynes is a prerequisite for 
parasitizing a particular host. 

Albersheim et al. (1975), in their review, discount the impor- 
tance of possible minor differences in cell wall glycosyl] linkages, but 
it seems to this author that this is a very weak assumption. Induction 
of specific enzymes by specific substrates is well documented (Christ- 
ensen, 1951; Cooper and Wood, 1973; Singh and Wood, 1956) as well as 
the role of simple sugars in the control of enzymes during pathogenesis 


(Cooper and Wood, 1973; Horton and Keen, 1966). 
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The influence of cell wall mono-, di-, tri-, and polysaccharides 
may be a quantitative phenomenon as well as a qualitative one so that 
the success of a particular pathogen may aepend on the release of 
sufficient quantities of a particular saccharide. It appeared from 
the results of injection of exudate into green and red tomatoes that 
response is probably due to differences in cell wall composition. 

A systematic approach to a problem, such as the influence of 
cell wall on pathogenesis, may be possible. A defined natural enzyme 
system (this could be done for the exudate collected from a pathogen) 
would allow reconstruction of the enzyme system, one enzyme at a time. 
Scanning electron micrographs of the tissue would show any major 
Changes in cell wall structure due to the action of the enzyme(s) em- 
ployed, and this could be correlated with analysis of cell wall break- 
down products as was done in this thesis for exudate treatment of cell 
wall. 

Some gas-liquid chromatography was done for qualitative and 
quantitative analysis of released sugars with promising results. 
Further details of this have not been given because of the preliminary 
nature of the work. The use of SE30 packing in a 4 foot glass column 
on a Barber-Coleman Model gas chromatograph gave excellent separation 
of a number of silylated mono- and disaccharides and tentative con- 
firmation of the TLC results on exudate sugars. 

It is possible that slight variations in cell wall polysaccha- 
rides may be genetically controlled. Major genetic mutations undoubt- 
edly result in plant death, but minor mutations can result in varietal 
These differences, if they represent differences in 


differences. 


glycosyl] linkages or polysaccharide sequences, may represent a basis 
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for resistance to particular pathogens and with the proper biochemical 
data, the plant breeder could use this information for selection of 
resistance. 

Other resistance mechanisms involve specific enzyme inhibitors 
(Albersheim et al., 1971) and elicitor-phytoalexin systems (Keen et al., 
1975), and information on cell wall structure and interaction with 
pathogen exudate will undoubtedly aid in interpretation of these re- 
lated areas. 

This release of liquid from fungi is aye in systems other 
than the pathogen-plant system. For example, Aspergillus flavus is a 
human pathogen, and it also excretes liquid droplets similar to those 
seen on Fusarium culmorum (N. Colotelo, personal communication). The 
role of these droplets in the pathogenicity of this fungus should be 
considered. Penicillium spp. exude liquid which collects on the colony 
surface and which is, in some cases, characteristic of the particular 
species. The species of Penicillium which produce penicillin, also 
produce yellow droplets on the surface of the colony. When assayed, 
these drops show penicillin amounts closely approximating the amounts 
present in the broth (K. B. Raper, personal communication). 

Ergot toxicity has been known to man for much of recorded 
history, yet mycotoxicity remained a neglected area until the 1960's 
(Kadis, Ciegler and Ajl, 1972), and the role as causitive agent of 
disease of many of the mycotoxins remains to be determined. Many of 
the fungal toxins associated with animal and human foods show up as a 
result of contamination by plant pathogens. Two coumarin derivatives 
that possess strong phytotoxic properties have been isolated from 


celery infected with Sclerotinia sclerotiorum (Scheel et al., 1963). 
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Smalley et al. (see Mirocha and Pathre, 1972) found that Fusarium tri- 
cinctum was one of the fungi most frequently isolated from corn associ- 
ated with toxicity in domestic animals in Wisconsin and Ueno et al. (1973) 
has listed thirteen Fusarium species showing lethal toxicity in mice. 

It is possible in the above cases that the toxic component is 
exuded by a system similar to the one described here (F. culmorum was 
one of the species inctuded by Ueno (1973)). 

Classically, evaluation of the toxic component or destructive 
captacity of a pathogen has been carried out using culture filtrates. 
Brown (1915), working with Botrytis sp. initiated the use of culture 
filtrates and since that time the technique has been routinely used 
(Bateman and Beer, 1965; Horton and Keen, 1966; Cooper and Wood, 1973). 
The exudate system utilizes the selective permeability of the fungal 
membrane and is isolated from the staling products or products re- 
sulting from chemical interactions within the culture filtrate. 

In plant pathogenesis, as the pathogen advances into the host, 


active excretion of exudate is always occurring, and the exometabolite 


environment is therefore always ‘fresh’. 


summary 
The presence of liquid droplets on aerial, filamentous mycelia 


is a general feature of fungal colonies growing in nature or on artifi- 
cial culture media, yet only a few references to the phenomenon are 
recorded (Fenner, 1932; Raper and Thom, 1968; Thom, 1930), and even 
then, only casual mention is made. A considerable amount has been 
reported in relation to exudation from fungal reproductive structures 


(Buller, 1958; Knoll, 1912; Remsberg, 1940) and more recently, work 
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has been done on the biochemistry of these droplets (Colotelo, 1971a; 
Colotelo, 1973; Cooke, 1969; Cooke, 1971; Jones, 1970), but no attempts 
to elucidate the biochemical make-up of exudates dscoudated with 
filamentous hyphae have been reported. The work carried out during 

this research shows, for the first time, details of many of the charac- 
teristics associated with the droplets found on the filamentous mycelium 
of Fusarium culmorum. Also presented, is evidence for the interrela- 
tionship of these droplets to the lysosomal system described by Wilson 
(1973). This hypothesis speculates on the possible cellular origin of 
the drops. 

In 1973, Colotelo suggested that sclerotial exudates of 
Sclerotinia sclerotiorum may play a role in the process of pathogenesis 
and, although the ability of culture filtrates and fungal exudates to 
destroy host tissue has been known for some time (Brown, 1915; DeBary, 
1887), tissue breakdown has never been related directly to the droplets 
on filamentous mycelia before now. Many of the chemical constituents 
of the exudate from F. culmorum are described here and the selection 
of which constituents to test for was based on their known or theore- 
tical involvement in the process of pathogenesis. A number of cell 
wall degrading enzymes were shown to be present but as well, a heat 
stable component was shown to be partially involved in the process. 
Some evidence is given to support the possibility that this component 
is an oxalate. 

After biochemically illustrating the potential of this exudate 
for tissue disintegration, the actual destructive capability of the 
exudate, independent of the presence of the organism, was demonstrated 
for four different plant tissues. This is the first time the exudate 


from filamentous mycelia have been linked directly to pathogenesis. 
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Some details of the morphology of tissue breakdown in relation 
to exudation were investigated. A definite loss in weight by potato 
tissue upon treatment with exudate was recorded, and the disintegration 
indicated by this, was visually demonstrated in electronmicrographs 
of the treated tissue. The electronmicrographs of exudate treated 
potato tissue bear a close resemblance to electronmicrographs of 
potato tissue prepared from a tuber showing symptoms of dry rot disease. 
It is believed that these are the first electronmicrographs showing 
the details of dry rot symptoms at this level. 

An analysis of the breakdown product of treated tissue revealed 
a substantial release of galacturonic acid. 

Finally, in relation to the expression of disease symptoms, 
evidence is given to indicate that the biochemical make-up of host 
tissue (in particular, the cell wall composition) plays an important 
role in determining the type of disease symptom expressed. Unripened 
tomato fruit injected with active exudate consistently resulted in 
internal lesions characteristic of dry rot disease, while ripened 


tomato fruit injected with the same exudate solution exhibited soft 


rot symptoms. 
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GENERAL : 


EDUCATION: 
1961 


1970 


1973 


PUBLICATIONS: 


CURRICULUM VITAE 


W. J. McPhee 

4016 Kingston Court, 

Burlington, Ontario L7L 4Y5 

Born: November 22, 1937, at Toronto, Ontario 


Married with three children 


Graduation diploma from the Ryerson Institute 
of Technology, in Industrial Chemistry. 
Toronto. — 


B.Sc. from York University, in general Biology. 
Toronto. 


M.Sc. from York University, in general Biology. 
Toronto. 


"Effects of pesticides on the decomposition of organic 
matter. I: The fungistatic effect of pp'DDT on various 
fungi." Canada Committee on Pesticide Use in Agriculture 
Publication-A41-14/1970. Queens Printer for Canada, Ottawa. 


"Fungal Exudates. I: Characteristics of hyphal exudates 
in Fusarium culmorum. Can. J. Bot. 55 (3): 358-365. 


(1977). 
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SEMINARS PRESENTED: 


The effect of pesticides on the decomposition of 
Organic matter. I: The effect of pp'DDT on various fungi. 
The 25th Ontario Universities Biological Conference. 


The University of Windsor, Windsor, Ontario. (1971). 


The application of densitometry to analysis of 
morphological changes induced in fungal colonies. The 
26th Ontario Universities Biological Conference. The 


University of Toronto. (1972). 


. the effect of DDT on the growth and uptake of substances 
by soil fungi. The Canadian Society of Plant Physiologists’ 


meeting, York University, Toronto. (1973). 


Mycelial exudates from Fusarium spp. and their possible 
role in pathogenesis. Presented at the Alberta Regional 
Group of the Canadian Phytopathological Society meetings, 


Brooks, Alberta. (1974). 


Fungal exudates and their possible role in pathogenesis. 


Canadian Phytopathological Society meetings, Saskatoon, 


Saskatchewan. (1975). 
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EXPERIENCE: 

1. Laboratory Technologist, Connaught Medical Res. Labs. 
1961-1968. This job involved an responsibility for all 
chemical testing of drugs and biologicals for the purpose 
Of quality control. I was responsible for co-ordinating 
the work of two technicians as well as being responsible 


for development of new test procedures. 


2. M.Sc. student at York University. 1970-1973. During this 
| period I worked on the effects of DDT on soil fungi. This 
was basically a laboratory project dealing with the growth 
responses of soil fungi to DDT treatment and the mechanism 


responsible. 


3. Ph.D. student at the University of Alberta. 1973-1977. 
The project has involved looking at the relationship between 
fungal exudates and the process of pathogenesis. Some 
emphasis has been on fungal physiology in an attempt to 
explain the origin of the eauiates whale a large part of the 


research has involved a biochemical evaluation of the exudates 


and the breakdown of host tissues. 
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TEACHING EXPERIENCE: 


1970-71 Laboratory demonstrator in Natural Science at York 
University, Toronto. The course was "Principles of Life", 
and the supervisor Mrs. B. Mercer. 


1971 Tutorial leader for an adult education course at Atkinson 
College, York University, Toronto. The course was "The 
Living World", and the supervisor Dr. H. Fisher. 


1971-72 Laboratory demonstrator in Biology at York University. 
The course was "Biological Science 201.8", and the 
supervisor Dr. M.G. Boyer. 


19/3 Lecturer at Sheridan College at Brampton, Ontario. 
The course was "Quality Control in the Food Industry", 
and the supervisor was Capt. A. J. Hall. 


1973-74 Laboratory demonstrator in Plant Science at the 

Peet University of Alberta, Edmonton. The course was 
"Introductory Plant Pathology", and the supervisor 
Dr. N. Colotelo. 


1974-75 Laboratory demonstrator in Biology at the University 
1975-76 of Alberta. The course was “Evolutionary Biology", 
and the supervisor Ms. M.Jd. Turtle. 


EXPERIENCE WITH THE FOLLOWING TECHNIQUES: 


(i) gas chromatography 
(ii) thin-layer chromatography 
(iii) electrophoresis 
(iv) light spectroscopy 
(v) flame photometry 
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EXPERIENCE WITH THE FOLLOWING TECHNIQUES: Bs 


(Cont'd) 
(vi) radioactive tracer technique 
(vii) densitometry 
(viii) photography (black and white processing and printing) 
(ix) scanning electron microscopy 
(x) polarography | 
(xi) computer operation (particularly text processing) 
(xii) television video taping (for the purpose of preparing 
teaching tapes for undergraduate labs). This involved 
script writing, filming, and some on camera work. 


COURSE WORK: 

Relevant 3rd and 4th year courses: 
Principles of Biochemistry 
Advanced Biochemistry 
Introductory Ecology 
Advanced Ecology 
Plant Physiology 
Microbiology 
Physical Biochemistry 
Physical Chemistry 
Radiation Biology 
Molecular Biology 
Animal Physiology 
Solid State Physics 
Under Graduate Thesis: "Some aspects of pectolytic 
enzyme production in cultures of Ceratocystis ulmi 
(Buism.) C. Moreau. 


GRADUATE COURSES TAKEN: 
Research seminars (Seminars given each year as a 
graduate student) 
Readings in Population Biology 
Physiology and Biochemistry of Plant Pathogens 
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GRADUATE COURSES TAKEN: (Cont'd) 


REFERENCES: 


Protein Biosynthesis and Function 
Microbial Physiology 

Principles of Plant Pathology 
Plant Pathogenesis 

Advanced Plant Biochemistry 
Mycology 


Dr. W. R. Ashford 

Director, Quality Control 
Connaught Laboratories Ltd. 
1755 Steeles Ave. West 
Willowdale, Ontario 


-M2N 578 


1-416-635-2701 


Dr. N. Colotelo 

Professor of Plant Science 
University of Alberta 
Edmonton, Alberta 

T6G 2E3 

1-403-432-2469 


Dr. Dimitri Hadziyev 
Assoc. Prof. Food Science 
University of Alberta 
Edmonton, Alberta 

T6G 2E3 

1-403-432-5687 
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